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Summary of Scientific Achlevemen^g 


During the tenure of NASA grant NOR-33-OOS-i99 ve have mainly been 
eoncemed with various aspects of the petrology of Apollo 14 breccias. 

Some of the scientific results are contained in the following publications 
which are appended. 

1. Petrologic studies of poikiloblastic textured rocks. 

2. Petrology of aluminous mare basalts in breccia 14063. 

3. Petrology of Apollo 15 breccia 15459. 

4. On high-alumina mare basalts. 

5. Some petrological aspects of Imbrium stratigraphy. 

6. Petrology of lunar rocks and implication to lunar evolution. 

In addition some funds have been used to support work in comparative 
planetology as shown in the following appended publications. 

1. The crystallization trends of spinels in Tertiary basalts from 
Rhum and Muck and their petrogenetic significance. 

2. The geology and evolution of the Cayman Trench. 

3. The petrochemistry of igneous rocks from the Cayman Trench and 

the Captains Bay Pluton, Unalaska Island: Their relation to tectonic 

processes at plate margins. 

4. The oxide and silicate mineral chemistry of a Kimberlite from 

the Premier Mine: Implications for the evolution of kimberlitic magma. 

Publication #3 takes the form of a large Ph.D. thesis by M.R.Perf it; 

in this report the abstract, map and data base are appended. 

We also have a significant amount of unpublished data on Apollo 14 

poikiloblastic rocks Which are discussed below and the data and figures 
appended. 




DUKing the last jfeat we luwo oortcenctatad out studies on poikilo’' 
blastic-textured clasts in the Apollo 14 breccias, which although 
recogniaed at the time of the preliminary descriptions, had not been 
quantitatively studied, A great deal of controversy has surrounded the 
interpretation of poikoloblastlc clasts in the highlaxvd breccias returned 
from the Apollo 16, 1? and tuna 20 missiovis. Several mechanisms, rather 
than one unique process, might be invoked to compietely explain the 
variety of poikiliuic textures observed. Such clasts have been interpreted 
as the products of mecamorphic reheating, subsoildns recrystallitation 
daring cooling, or of ‘'igneous” or.isin. Melts associated with the latter 
process have been considered endogonatic (Steele and Smith, 19735 Crawford 
and Hollister, 1974; Schonfald and Mayor, 1973} Aahwal, 1975) or of impact 
origin (Crieve, 1975; Irving, 1975; Stmonds, 1975), Complicating matters 
is the cQnfvjsing state of knowledge regarding the development of the 
poikilitio texture in tarrostial rocks, a,g> , Wager (1961) has proposed 
that poikllitic textures form as a rosult of a two stage cooling process 
involving an initial rapid temperature decrease followed by a gradual 
decrease. Slmonds ec al. (1973) and Simonds (1975) suggest a similar 
cooliug history for lunar casts, where in the initial stages small 
feldspar crystals formed, followed by coarse pyroxenes; the result of 
moderate nuclaation and high growth rates, Alternately, Ryder and Bower 
(1976) suggest that poikllitic textures may result from growth at numerous 
nucieation sites centered on small plagloclase fragments. 

In studying clastic rocks fron> the Apollo 16, 17 and huna 20 sites, 
Aibae al , (1973) concluded that extensive m.otamorphisw: at about 3.95 Al 
of clastic, surficial rocks, led to the growth of coarse-grained 
predominantly low-Ca pyroxene oiko cry sts, svirrounding relict matrix 
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chadacrysts. such maCOTccphlsm Bight have ocQU«ed 1„ thick cjaota 
blankets from iacge Impact events, lienee et ai. (1573) and Hodges w ai. 
(1973) also proposed that pyroxene olkooryscs stem by solid-state 
recrystallisation (the poikilitic textures can bo sl«ul.ated experimentally 
by sintering of glasses) , in the presence of a small volume of molt 
during high-grade metamorphism. Bence et al, (1974) concluded that in 
the case of norlttc breccia 77135, extonstvo melt may have bean produced 
during anatexls of the rock, resulting m abundant pigeonite and a 
’i?Qsiculax struccute, 

Steele .and Smith (1973) suggest earl.v, oldesptead crustal melting 

of the moon. aeco«p.a„ied by rectystalliaation and metamorphism, to 

account for the textures in the Apol,lo l(i terra rocks and tines. 

SimUarly, Roedder and Heiblen (1974) presume chat metamorphism explains 

coarse-grained clasts in breccia 67915, Invclvlng a series of partial 

meitlng and recrystaUisaclon events as described by Walter (1973). 

Necallum Mju. (1974), using e.xparl»ental data and various mtner.al 

geochermometers, deduced chat poikilitic Ixeccia 77017. crysta.Uited 

betmeen 105Q-1100»C. at least 100«0 below the solidus. Hence, although 

77017 bulk compositlou is Indicative of a terra cumuiace, impact reworking 

and metamorphism obliterated tbe original texture. Using similar mineral 

S^otharmemetars, Sidlav- a976’) „ t. 

, 9C a temp^yattva'Q b^low 1100‘*C fax' 

a polkiilcic anottbositi(2 gabbTO alast ift bracaia 1SA59, 

In contrast, cases h.ave also been argned in favor of crystallisation 

directly from a melt. Hollister (1973) ooncUided that polkiUtlo 

hypersthene and dtopside in breccia 67955 resulted from a high tumperaturo 
crystamcation from a Silicate melt. Similarly, Sehaaffar and Sollistar 
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(1975) believe that clasts in 60255 cooled at varying rates from a melt, 
and Crawford and Hollister (197A) arrive at a similar conclusion for 
poikilitic clasts in 62235. Ashwal (1975) presents chemical and 
textural evidence that poikilitic clasts in anorthositic norites 67955 
and 77017 resulted from plutonic crystallization from a silicate melt. 

The crystallization history involved initial crystallization of anorthite, 
followed by olivine at the plagioclase-olivine cotectic. Olivine reacted 
with residual liquid to form low-Ca pyroxene and at this stage pyroxene 
oikocrysts grew, surrounding partly resorbed olivine and previously 
formed plagioclase. 

The above discussions have emphasized the endogenic nature of the 
silicate melt, but an impact melt origin is equally strongly advocated. 
Simonds ^ (1973), in their studies on Apollo 16 KREEP compositions, 

advocated crystallization from an impact partial melt by rapid cooling 
to the plagioclase-olivine cotectic. Slower cooling to the peritectic 
results in olivine resorbtion, further plagioclase growth and eventually 
nucleation of pyroxene. The slow cooling is facilitated by mantling and 
insulation by further ejecta, where initial rapid cooling might result 
from heat loss from the hot, turbulent impact melt to cold, swept-up surface 
debris. Irving (1975) and James (1976) generally support this view. 

Simonds _at (1976) have made comparisons with the Manicouagan impact 
structure in Quebec> noting a number of textural similarities to lunar 
poikilitic rocks » Terrestial impact analogs have also been described by 
Grieve et al . (197A) and Grieve (1975). 





ViVJfiiJiCiov\a ii\ soued pyvoxeoa olkoerysts in Apollo lA 

poikilitio-^eestvvjj^d. olasca* lUo aise of cviaugl^a ladies c«a cUa eolactwo 
amounts of pyroxane componauta incorporating Al, Or and I'i, Arrows indicutA 
gpaaralisod toning trends from core to rim. fro«\ left to right aamplea are 
,lA06h, do| MOhd, 51 (cri>wgloa with svpuiroa); WOho, 40? 1410*, -Uj 14105, 10? 
if Hied triAAglea), 
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Only a dascripfeions of poikllleic-taxcuwd clasca from Apollo 14 
rocks hava bean mada. These ixiduda studias by Duncan ^ al. (1975) , 
Griava ^ a. (1975) , Rirdar and Bower (1976) . Interpretations likewise 
cover the gamut from sub-^solidus racrystallisation to crystallisation from 
a silicate malt. We have observed poikilitic-taxturad clasts in samples 
ls06b, IsjOSi 14307. Salacted mineral analyses and bulk analysas are 


shown in the enclosed appendix, Variations in pyroxene oikocryst Com.^ 
positions are shown in Figure 1. The common toning trends Indtcata initial 
crystallisation of low-Ca pyroxona (perhaps hypers thane) , followed by 
augita. However, soma oikocrysts are either all low-Ca pyroxene or 


augita and show little compositional variability. This may indicate an 
extended period of oikocryst nucleation and/or local bulk composition 
control on the crystallising pyroxene. 

Some or the Apollo I 4 poikilitic samples have also been exaaxined b\x 
ion microprobe, with particular raferonce to. the trace element compositions 
of plagloGlasa. Also analysed were individual plagioclasa clasts in 
breccia matrix., plagioclases in clasts of high-alumina basalt (kRKEP?), 
plagioclasa in cataclastic anorthosites and plagioclasa associsHtad x^ith 
pink spinel. Data are showni in Table 1. 

Toxcurally the poikilitic rocks are simpler than those described froav 
other terra sites. The most complex types are those Observed in the 
Apollo 13 breccias, as described by Mdley Cl97a> in that they carry 
several chadaGryst phases Cplagioca.asQ, augite, pigeonite, olivinej 
elmlnite) and have exsolvad inverted pigeonite oikocrysts. In contrast 
the Apollo 14 poikilitic-textured rocks have chadacrysts and xenocrysts 
of plagioclase oxily, and siixipiy toned pyroxene oikocrysts. In addition 
they do not contain the diabasic areas described from some Apollo Ib and 17 
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samples, so tl\ac; thero is txo oowpoiiins evidanco chat thay davaioped iu 
Che. pcasenae of a silicata meiC phasa» 

iVttempcs have been made to derive tamperaCures of crystallisation 
foy poikiiitic- textured rocks UicGallum at al», 1974), using mineral 
gaotbarmomecry-s partloularly pyroxenes. As pointed out by Hawins i;,l975)j 
lot? diffusion rates oause pyroxai\e compositions to be fixed at or near 
peak temperatures, making them useful geotlvermometers. However, low 
diffusion rates are most likely observed in metaurorphic rocks, a.g., 
granulitas, under water-absent or wacar-deficiant conditions. Higher 
diffusion rates (sufficient to re-equ,ilibrata coexisting minerals to 
lower temperatures) may occur in the presence of either a volatile or 
a silicata melt phase. Hence in the lunar situation, mineral geothor- 



momatry is most applicable to those rooks equilibrated at ’'matamorphic” 
temperatures, and less easily applied to either totally melted x‘oeks or 


poikilitic-texcurcd rocks formed in the presence of a silicate me.lc phase* 

We can apply some mineral geo thermometers to poikilitic textured rooks 
if it is assumed that 1) chey developed at sub-solidus tGa\peraturQS, 
probably similar to the anhydrous granulite-facies, involving low diffusion 
rates:; 1) peak temperatures were maintained snfficievitly long to equilibrate 
low-Ga pyroxenes and augita poikiloblasts; 3) tei^vperaCures were maintained 
sufficiantly long to equilibrate olivine and augite chadocrysts (this 
mineralogy does not apply to Apollo 14 samples, but the assumption aiay be 
valid for clasts in 15459); 4) the mineral geothermometers are valid 
temparaturc indicators. Wood and Banno (1973) have developed a semi- 



empirical expressing using the corapositiou of co-existing pyroxenes based 
on data f rottt bavis and Boyd for the reaction (Mg^ Si., 0^) opx^ t>tgiy Si^, 0^^) cpx . 
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fsiftvpei'iitutea 4<ssi,vad fcoiw caaslstin^, pvrp?{,at>as at aoexiating 

altviiva ami pyx'axene (croasas) fof aoma lu»av aimplaa^ Mineral data are 
groav MedalluBv at al> Albaa at al, UF^3>, Fidlav at al. (l$rd^, 

dels and Applarim\ U973) » 
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^axau£>, aftvl Seluni (I'^irj) have shewn that fceitt\?eL‘afcui‘e evvera ai*e (unuluced 
by aasumlftg thal tl\e uvtlvupyroxetto and vluoiiyi-oxeu® iihaaes ai*e .Laefbl 
l\w~aita selutl.v)us oC CaMgai.^O, aivU Mg.>Si.,0,/ Addltimial einaws may be 
pyoduced by the sli>e“alliH'atioii ef Alj *di*j t'i aiui Na« Ue\vl,n,B (19/3) 
eeWTjl.uded that this geetheiartOTOeUer way produea tewpeiavtuves up to 50'*d 
too high, I'owell and Powell have detamiived tewpeyatuve baaed 

upon ollviue-oliuopyi’oxeoa etjuliibL*aiiU)V\i calibcatiug the geothemowetei* 
agaiusfc Ivmi-titaviiuw oxide tewperatures, Although the geothebnouietet 
is peessuve^depewdeuti this variable is assuWed to he luvgltglhLa la the 
lunar cases t 

It should be stressed that tomperatures derived t'rom miueral geo- 
therwowetera, at least in the, luuar oases » caimot be used to defiUB 
uueviutvoeally a mode o£ Cotwatiovi of lunar poikilitlo-textured rocks. 

At best the derived temperatures j if used in coujvuietlv'w with other 
textural and ohemloal data, may iudloate that some samples formed at 
temperatures between 101)0- 1 100“ 0. I'emperatures derived I'or samples fhowtug 
evidetvoe Cor the presence of a melt phase arv^ not easily interpreted and 
may represent values vtoII hejan y the peak temperatures developedt I'he 
pyroxeue geotlvera\ometer can best be applied t^> those Apollo la potkiiitio 
roi'ka containing oikoorysta oC either weakly ?,oned vH“thopyroxene or augite, 
'these samples give temperatures of 1000- 1100'^ C, dince these samples vshow 
no covuilvisLve evldBuce for a melt phase (dlabaslc areas or vesicular 
structure)) we assume that the poilvtlitic texture developed uuder sub— soildos, 
metaworphivi teiaperatures, ft should be noted that temperatures derived for 
other poikilitlc- textured rockSi using textural evidence that mineral pairs 
cryatalilsed togefclw.r also give, tewpe.ratures between U)0D-1100”0. U' Umo-c i ) . 







Th««« may r«fl«ot p*«k formation condiclona, «.g., 77017, or hava no 
untqua algnlf lean ^a, a.g., 60313, 61136. 

ConJttiona of Format Ion of foiklUtic»t»Xturad Kocka . 

In tha pravloua dlacuaalon wa hava amphaaliad tha wlda ranga of opinion 
ragarding tha origin of thaaa rocka. This probably raflaota a trua 
multiplicity of origins for poikilitic-taxturad lunar rocka. tlanarally, 
thair formation may hava baan aaaociatad with impact procaaaaa, involving 
aithar malt formation, or providing aub-aolidua conditions in thick ajacta 
blankats, aa also indicated by tha diacovary of poikilit ic-taxturad rocka 
at tarraatial Impact aitaa. Howavar, both tha taxtural and chanical 
data ara conaiatant with other formational procaaaaa. Poikilitic-taxturad 
rocka ara commonlv observed in tarraatial lavar Intrusions and ara of 
primary ignaoua origin. Howavar, oK'at ara rathar ooaraa-gralnad and 
taxturally distinct from moat lunar poikllltlc rocka. Probably this 
Ignaoua-cumulata orljtin can ba alimtnatad for tha lunar aamplas. 
Poikilitic-taxturad rocka ara also aaaociatad with tha marginal-facias 
of tarraatrial plutona, aithar aa hornfalaic aureolas, or aa a fina-grainad 
facias of tha pluton itaalf. Protoclaatic atructuraa ara ciHnmon in thaaa 
situations, aa a conaa^uanca of marginal ahaaring, producing a combination 
of clastic and polkilitic textures not unlike those observed in tha lunar 
aamplas. Such a mods of formation cannot ba allminatad in tha lunar caaaa 
since it is now ganarally agreed that amplacamant of plutona was an 
Important part of tha early development of tha lunar crust. Emplacamant 
of plutona into tha crust may hava caused thermal matamorphiam of tha 
impact-bracciatad country rock leading to formation of poikilitic-taxturad 
homfala aaaociatad with clastic xanolltha and xanocryata. Alternately, 
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some poilcilitic-rocks may be rapidly cooled marginal facies of plutons 
which underwent protoclastlc deformation during their formation. 
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Spot posluions x^lthtn graina at?!! ittdieatad by S (edge)* G (caaex'a), 
I (incatmedinde). No led tat ipdicatea small > upsonad gtalna, 



Table 1«8, Tytoxapa oikoctysts in poikilttla alasta. 

Tabla 9-10 i PyxQxanes in mKft notitaa. 

Table 11 « TytoKenes in equigtanulat notitas^ 

Table 12;-X6, I^yroxenes in anorthQsitas. 

Table 17* Ilaianites in ««\Sic noticaa. 

Table 18, lloienica abadaetysta in poikilitia alaacs. 

Table 19% llmenitas in anottbositas. 

Table 30-23% Plagioclase cbadaetyata in poikilitla claata% 
Table 24-25. Blagioelaae in anartbosltea. 

Table 28. OafQcussad baa» analyaaa of poikilitie alaata. 
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.055 

.082 

.064 

.067 

Ochors 

4.1 

6.1 

6.1 

4.5 

3.3 

6.4 

4.6 

4.9 

En 

42 

41 

40 

41 

52 

45 

63 

62 

Wo 

41 

40 

41 

41 

16 

26 

12 

13 

Fa 

17 

19 

19 

18 

32 

29 

25 

25 




! -J 


TABLE 3 


14066, 36: 


IE 


S102 

SO. 61 

TlOo 

1.61 

AI2O3 

0.37 

Cr203 

0.13 

FeO 

V.95 

MnO 

0.22 

MgO 

16.46 

CaO 

21.30 

Nd20 

0.19 

local 

101.06 

SI 

1.887 

T1 

0.047 

A1 

0.025 

Cr 

0.003 

Fa 

0.310 

Mn 

0.007 

Mg 

0.915 

Ca 

0.851 

Na 

0.014 

1* 

aa 

4.059 

Al^'' 

0.025 

Ochars 

4.0 

En 

44 

Wo 

41 

Fa 

13 


1C 

1C 

51.43 

51.46 

0.77 

1.31 

0.66 

0.71 

0.19 

0.17 

19.52 

19.68 

0.38 

0.18 

23.42 

23.38 

4.21 

3.81 

0.05 

0.16 

100.68 

100.88 

1.923 

1.918 

0.021 

0.035 

0.028 

0.030 

0.005 

0.005 

0.598 

0.601 

0.011 

0.005 

1.280 

1.274 

0.165 

0.149 

0.004 

0.011 

4.040 

4.033 

0.028 

0.030 

2.7 

3.8 

62 

63 

8 

7 

30 

30 


2 

3 

51.10 

51.10 

0.84 

1.21 

1.04 

1.12 

0.21 

0.19 

19.37 

19.50 

0.37 

0.32 

22.38 

24.66 

3.40 

2.15 

0.02 

0.03 

98.75 

100.31 

1.927 

1.906 

0.023 

0.033 

0.046 

0.048 

0.006 

0.005 

0.610 

0.596 

0.011 

0.009 

1.257 

1.345 

0.137 

0.084 

0.001 

0.002 

4.023 

4.033 

0.046 

0.048 

3.6 

4.1 

63 

66 

7 

4 

30 

30 


4 

5 

52.04 

52.05 

1.22 

1.13 

0.97 

1.10 

0.17 

0.22 

19.29 

19.33 

0.32 

0.28 

24.59 

24.31 

2.11 

2.24 

0.01 

0.03 

100.77 

100.78 

1.913 

1.914 

0.033 

0.031 

0.042 

0.047 

0.004 

0.006 

0.593 

0.596 

0.010 

0.008 

1.347 

1.332 

0.083 

0.088 

0.001 

0.002 

4.029 

4.028 

0.042 

0.047 

4.7 

4.1 

66 

66 

4 

4 

30 

30 






1 


« t 




TABLE 4 


14305, 

107: 











1C 

1C 

IE 

2E 

2E 

2E 

31 

31 

31 

3E 

SIO 2 

52.25 

52.29 

52.21 

51.47 

51.2b 

52.21 

51.06 

51.17 

50.73 

50.38 

1102 

0.72 

0.77 

0.35 

0.70 

0.89 

0.36 

0.89 

0.84 

1.37 

1.45 

AljO j 

0.72 

0.70 

0.76 

0.79 

0.95 

0.86 

0.71 

1.84 

1.63 

1.67 

Ct 203 

0.21 

0.25 

0.24 

0.26 

0.27 

0.24 

0.21 

O.bl 

O.bl 

0.39 

F«C 

21.71 

21.97 

21.60 

22.29 

20.52 

21 . 6h 

22.10 

17.05 

2C.74 

11 87 

MnO 

0.36 

0.34 

0.35 

0.35 

0.27 

0.34 

0.34 

0.35 

0.25 

0.20 

MgO 

20.60 

20.97 

19.54 

20.29 

22.31 

20.43 

19.99 

20.34 

19.36 

14.45 

CaO 

3.85 

3.67 

3.92 

4.05 

■y 

^ a * 

4.31 

3.83 

6.36 

4.89 

17.96 

Na20 

0.06 

0.05 

0.05 

0.06 

0.03 

0.04 

0.03 

0.04 

0.22 

0.20 

Total 

100.53 

101.05 

99.57 

100.30 

99.26 

100.97 

99.20 

98.65 

99.83 

98.61 

SI 

1.966 

1.946 

1.968 

1.951 

1.912 

1.945 

1.942 

1.926 

1.914 

1.919 

Ti 

0.020 

0.021 

0.024 

0.019 

0.025 

0.024 

0.025 

0.024 

0.039 

0.041 

A1 

0.031 

0.030 

0.033 

0.034 

0.042 

C.038 

0.032 

0.081 

0.072 

0.075 

Cr 

0.006 

0.007 

0.007 

0.008 

0.007 

0.006 

0.013 

0.013 

0.018 

0.011 

F« 

0.670 

0.683 

0.681 

0.693 

0.652 

0.674 

0.703 

0.536 

0.654 

0.378 

Mn 

0.011 

0.010 

0.011 

0.011 

0.008 

0.010 

0.010 

0.011 

0.008 

0.006 

Mg 

1.134 

1.163 

1.098 

1.124 

1.293 

1.134 

1.133 

1.141 

1.088 

0.820 

Ca 

0.152 

0.146 

0.158 

0.161 

0.090 

0.172 

0.156 

0.256 

0.197 

0.733 

Na 

0.004 

0.003 

0.004 

0.004 

0.002 

0.003 

0.002 

0.002 

0.016 

0.015 

E 

3.997 

4.014 

3.9S8 

4.009 

4.037 

3.009 

4.013 

4.000 

4.009 

4.002 

Al^'^ 











Othara 

3.0 

2.9 

3.4 

3.1 

3.6 

3.5 

3.1 

6.0 

6.9 

6.8 

En 

58 

58 

57 

57 

63 

57 

57 

59 

56 

42 

Wo 

8 

7 

8 

8 

4 

9 

8 

13 

10 

38 

Fa 

26 

35 

35 

35 

33 

34 

35 

28 

34 

20 


I 


TABLS i 


Xh307. 4:; 



1 

*1 

3 

4C 

4E 

S 

6 

1 

S10-» 

50.28 

52.26 

53.04 

52.55 

50.34 

52.57 

50.05 

S ■ 30 

T 102 

0.31 

1.06 

1.00 

I.l6 

2.31 

1.27 

0.12 

0. 74 

AA ->02 
Cr503 
F*0 

4.55 

1.14 

1.04 

1.42 

2.49 

0.93 

5.43 

1.05 

0.26 

0.25 

0.23 

0.32 

0.56 

0.26 

0.13 

0.27 

13.07 

18.12 

19.22 

13.00 

8.35 

13.36 

17.10 

16 . 95 

^^a0 

0.27 

0.27 

0.29 

0.27 

0.13 

0.27 

0.09 

0.23 

MjO 

23.47 

23.77 

23.33 

23. 4o 

15.88 

23.43 

22. >5 

2 3 . 64 

CaO 

1.32 

2.07 

1.30 

2.07 

17.59 

1.93 

1.69 

1,31 

N*20 

0.04 

0.04 

0.03 

0.04 

0.21 

0.02 

0.04 

0.04 

Tocal 

94.61 

99.03 

100.10 

99.33 

93.46 

99.19 

93.13 

93.62 

SI 

1.356 

1.940 

1.953 

1.942 

1.393 

1.949 

1.339 

1.935 

Ti 

0.022 

0.029 

0.027 

0.032 

0.065 

0.035 

0.003 

0.020 


0.193 

0.050 

0.045 

0.062 

O.UO 

0.042 

0.237 

0.045 

0.007 

0.007 

0.003 

0.009 

0.016 

o.oo:» 

0.005 

0.003 

F* 

0.553 

0.562 

0.591 

0.556 

0.273 

0.5o9 

0.530 

0,52 3 

^^n 

0.003 

0.003 

0.009 

0.003 

0.006 

0.003 

0.00 3 

0,003 

Mi 

1.292 

1.316 

1.233 

1.293 

0.390 

1.295 

1.246 

1.300 

cl 

0.072 

0.032 

0.071 

0.032 

0.709 

0.073 

0 .06’ 

0.071 


0.002 

0.003 

0.002 

0.003 

0.015 

O.OOl 

0.003 

0,003 

«» 

4.019 

4.002 

3.992 

3.990 

3.935 

3.939 

3.987 

3.963 

iTw 

Othara 

10.6 

4.3 

4.0 

5.2 

9.3 

4.1 

11.3 

3,3 

Fa 

67 

67 

66 

6 ? 

47 

66 

63 

69 


4 

4 

4 

4 

33 

4 

4 

4 

F* 

29 

29 

30 

29 

15 

30 

'3 

«c* 

•» 


o 


i’AGN W 
OF 1H>0K gi AUlY 


• « 


TXaLE 7 TABLE 4 


UObo, 

10: 



14066, 

3St 

14066, 

36 1 



1 

2 

3 






S10» 

» 

51.14 

50.76 

50.94 

52.19 

52.14 

52.35 

51.51 

51.79 

TiO-» 

1.34 

l.A>» 

1.31 

2.95 

1.40 

1.52 

1.59 

1.87 

0.79 

0.76 

l.l? 

1.16 

l.ll 

1.06 

0.92 

0.94 

Cr20j 

O.SI 

0.49 

0.50 

0.24 

0.24 

0.24 

0.25 

0. 32 

F«0 

11.02 

11.04 

10.74 

20.35 

22.33 

14.43 

19.67 

19.14 

MnO 

0.19 

0.20 

0.20 

0.34 

0.27 

0.24 

0.24 

0. 30 

M<0 

IA.90 

14.97 

15.00 

19.07 

19.56 

73.00 

22.34 

22 9 7 

C«0 

14.20 

14.30 

14.49 

4.59 

3.69 

2.26 

2.10 

1.93 

N«20 

0. 16 

0.14 

0.14 

0.05 

0.09 

0.01 

0.02 

O.Ol 

Total 

99.07 

100.24 

99.00 

100.37 

99.95 

99.37 

94.41 

94.39 

Si 

1.914 

1.493 

1.911 

1.943 

1.964 

1.930 

1.951 

1.964 

Tl 

0.039 

0.036 

0.040 

0.044 

0.022 

0.033 

0.031 

0.026 


0.067 

0.129 

0.064 

0.082 

0.033 

0.051 

0.047 

0.042 

F« 

0.015 

0.014 

0.015 

0.009 

0.004 

0.004 

0.007 

0.009 

0.352 

0.344 

0.343 

0.633 

0.703 

0.592 

0.591 

0.604 

Mn 

0.006 

0.006 

O.OOe 

0.010 

0.004 

0.009 

0.009 

0.009 

Mg 

0.4A9 

0.432 

0.455 

1.054 

1.094 

1.249 

1.264 

1.242 

C« 

0.745 

0.731 

0.754 

0.143 

0.149 

0.091 

0.045 

0.074 

Na 

0.012 

0.013 

0.013 

0.004 

0.006 

O.OOl 

0.0v3l 

O.OOl 

IP 

4.006 

4.003 

4.013 

3.969 

3.945 

4.006 

3.990 

3.943 




t 


« t 


t 


T.V3LE 9 





TABLE 

10 


TABLE 

11 


1-032. 5: 





14082, 

6: 


14307, 

42 

• 

• 

SiO, 

1 

49.70 

2 

50.33 

3 

50.42 

4 

50.92 

1 

51.46 


* 

50.02 

1 

50.87 


2 

49.14 

TIOt 

.U203 

r*o 

^^nO 

1.73 

:.25 

13.02 

0.01 

0.76 

0.94 

23.55 

0.02 

1.42 

1.92 

12.96 

0.71 

0.95 

23.66 

0.01 

0.35 

0.83 

21.40 


1.23 

1.06 

17.37 

1.33 

1.35 

24.55 

0.02 


1.84 

2.02 

21.22 

MiO 

15.00 

17.03 

15.00 

13.33 

22.34 


12.31 

15.50 


11.52 

CaO 

16.93 

5.03 

16.72 

4.64 

1.29 


17.17 

5.46 


15.15 

N*^0 

0.17 

0.09 

0.16 

0.07 

0.01 


0.11 

0.04 


0.12 

ToCdl 

93.89 

98.37 

98.62 

99.40 

98.21 


99.30 

99.17 


101.05 

Si 

1.891 

1.949 

1.918 

1.947 

1.950 


1.934 

1.960 


1.390 

Ti 

0.049 

0.022 

0.040 

0.020 

0.024 


0.035 

0.033 


0.053 

AI 

0.101 

0.042 

0.086 

0.043 

0.037 


0.043 

0.061 


0.091 

f 

0.414 

0.001 

0.762 

0.001 

0.412 

0.756 

0.678 


0.561 

0.791 


0.682 


0.851 

1.017 

0.851 

1.047 

1.262 


0.709 

0.890 


0.661 

Ca 

0.692 

0.209 

0.681 

0.190 

0.052 


0.711 

0.225 


0.624 

Na 

r 

0.013 

4.015 

0.006 

4.011 

0.012 

4.003 

0.005 

4.013 

0.001 

4.006 


0.003 

4.010 

0.003 

3.972 


0.009 

4.014 

En 

43 

51 

43 

52 

63 


35 

45 


33 

Vo 

35 

10 

34 

10 

* 


36 

11 


31 

Fa 

<»-> 

* * 

39 

23 

38 

35 


29 

44 


36 




I 



IE 

1C 

2E 

21 

2C 

3E 

3C 

S 102 

52.54 

52.78 

53.89 

53.17 

51.84 

52.79 

52.98 

Ti 02 

1.02 

1.09 

0.80 

0.84 

0.82 

0.92 

0.89 

AI 2 O 3 

1.01 

1.32 

0.98 

1.12 

2.27 

1.07 

1.08 

Cr '>0-> 

0.40 

0.45 

0.33 

0.34 

0.36 

0.37 

0.38 

f *6 

15.42 

15.02 

14.79 

14.75 

14.53 

15.57 

14.74 

MnO 

0.24 

0.24 

0.21 

0.22 

0.22 

0.24 

0.24 

MgO 

25.95 

26.65 

26.71 

26.63 

26.36 

25.68 

25.87 

C«0 

2.03 

1.84 

1.92 

1.86 

2.08 

2.13 

2.14 

Na 20 

0.06 

0.05 

0.04 

0.04 

0.06 

0.05 

0.05 

Total 

98.71 

99.49 

99.71 

99.02 

98.58 

93.91 

98.41 

Si 

1.934 

1.923 

1.952 

1.941 

1.890 

1.940 

1.948 

Ti 

0.028 

0.030 

0.021 

0.023 

0.023 

0.025 

0.024 

A1 

0.044 

0.056 

0.042 

0.048 

0.099 

0.046 

0.047 

Cr 

0.011 

0.013 

0.009 

0.009 

0.010 

0.010 

0.011 

Fa 

0.475 

0.458 

0.448 

0.450 

0.452 

0.478 

0.453 

Mn 

0.007 

0.007 

0.006 

0.007 

0.007 

0.007 

0.007 

Mg 

1.424 

1.447 

1.442 

1.449 

1.461 

1.406 

1.418 

Ca 

0.080 

0.071 

0.074 

0.073 

0.083 

0.085 

0.084 

Na 

0.004 

0.004 

0.003 

0.003 

0.004 

0.004 

0.003 

Z 

4.011 

4.013 

4.001 

4.007 

4.033 

4.007 

3.999 

En 

71 

72 






Vo 

4 

3 






Fs 

25 

25 









I 





TABLE 14 


I 

1 14305, 107: 



IE 

1C 

2 

3 

4 

b 

S 102 

53.11 

52.89 

51.42 

52.84 

51.41 

51.34 

T 102 

0.44 

0.50 

1.01 

0.75 

1.58 

1.74 

A 1202 

1.09 

1.06 

1.23 

0.71 

1.68 

1.82 

CrjO-i 

0.54 

0.51 

0.22 

0.28 

0.49 

0.57 

FeO ^ 

18.29 

18.81 

21.64 

20.91 

11.58 

11.00 

MnO 

0.36 

0.35 

0.22 

0.35 

0.20 

0.21 

MgO 

19.76 

19.75 

18.50 

19.72 

14.09 

14.50 

CaO 

6.42 

6.04 

6.16 

5.41 

17.26 

19.32 

Na^O 

0.01 

0.03 

0.49 

0.05 

0.17 

0.13 

Total 

100.06 

99.98 

100.93 

101.06 

98.50 

100.57 


i J 

[1 

il 

t 

I 

I • 

I ■ 
I . 

0 

I. 

L 

! I 

i. 

1: 


TABLE 15 


14305, 102: 


IE 

1C 

2E 

2C 

3 

49.70 

50.50 

53.93 

53.35 

50.38 

1.71 

1.62 

0.32 

0.48 

1.59 

1.84 

1.95 

0.96 

1.58 

1.54 

0.42 

0.50 

0.80 

0.87 

0.26 

17.12 

15.24 

16.34 

16.38 

16.03 

0.30 

0.28 

0.33 

0.30 

0.30 

13.39 

14.37 

23.20 

24.17 

12.75 

15.48 

15.48 

4.58 

3.80 

17.15 

0.10 

0.19 

0.01 

0.01 

0.11 

100.11 

100.19 

100.51 

100.97 

100.15 


j 

J 

li 

1 

L _ 


Si 02 

52.29 

52.62 

52.41 

TiO, 

0.61 

0.60 

0.64 

AI 2 O 3 

0.60 

0.56 

0.64 

Cr 203 

0.19 

0.20 

0.32 

FeO 

22.68 

21.41 

14.84 

MnO 

0.39 

0.40 

0.34 

MgO 

19.28 

18.54 

17.93 

CaO 

3.28 

5.48 

12.05 

Na 20 

0.05 

0.01 

0.02 

Total 

99.40 

99.85 

99.22 


I 









TABLE 18 



TABLE 

19 

1A307, A2: 



14305, 

102: 

1 

2 

3 

1 

2 

Ti02 55.53 

^2°3 0-22 

Cr203 0.79 

P«o 37.67 

taO 0.38 

<80 6.28 

rotal 100.90 

54.29 

0.48 

0.33 

37.45 

0.31 

6.03 

98.93 

54.57 

0.12 

0.33 

37.91 

0.32 

6.07 

99.33 

54.46 

0.01 

0.43 

39.51 

0.33 

5.03 

99.77 

54.84 

0.02 

0.43 

39.54 

0.31 

5.16 

100.31 


Tjnjjj-jj-j jjj'j 



o 



TABLE 20 


14305, 107: 



IE 

1C 

2E 

21 

2C 

3 

4C 

41 

4E 

5 

6 

SiOy 

45.18 

44.71 

44.29 

« 

00 

44.78 

44.56 

44.67 

45.23 

45.15 

43.54 

44.03 

TIO 2 

0.07 

0.06 

0.05 

0.03 

0.04 

0.03 

0.03 

0.03 

0.02 

0.03 

0.03 

Al20_j 

36.14 

36.26 

36.00 

35.70 

35.79 

35.87 

35.37 

34.05 

33.90 

35.46 

36.07 

FeO 

0.14 

0.09 

0.24 

0.17 

0.12 

0.25 

0.23 

0.19 

0.22 

0.07 

0.10 

MnO 

— 

— 

- 

- 

0.01 

- 

- 

- 

0.01 

- 

- 

mro 

0.01 

- 

0.01 

0.01 

0.01 

0.02 

0.01 

0.08 

0.14 

- 

- 

CaO 

17.76 

18.47 

18.42 

18.60 

18.54 

18.34 

17.65 

17.74 

17.65 

18.26 

18.03 

Na20 

1.11 

0.69 

0.75 

0.65 

0.65 

0.62 

0.85 

0.84 

1.03 

0.61 

0.74 

K 2 O 

0.05 

0.03 

0.05 

0.05 

0.03 

0.06 

0.08 

0.07 

0.13 

0.04 

0.01 

Total 

100.51 

100.33 

99.83 

99.82 

99.99 

99.77 

98.92 

98.26 

98.29 

98.04 

99.04 

Si 

2.069 

2.053 

2.047 

2.060 

2.064 

2.058 

2.078 

2.117 

2.115 

2.047 

2.035 

T1 

0.002 

0.002 

0.001 

0.001 

0.001 

0.001 

0.001 

0.001 

- 

0.001 

0.001 

A1 

1.950 

1.962 

1.961 

1.944 

1.944 

1.953 

1.939 

1.878 

1.872 

1.965 

1.988 

Fe 

0.005 

0.0C3 

0.009 

0.006 

0.004 

0.009 

0.009 

0.007 

0.008 

0.002 

0.004 

Mil 

- 

- 

- 

- 

0.001 

- 

- 

- 

- 

- 

- 

Mg 

0.001 

- 

0.001 

0.001 

0.001 

0.001 

0.001 

0.005 

0.010 

- 

- 

Ca 

0.871 

0.908 

0.912 

0.921 

0.915 

0.907 

0.880 

0.889 

0.886 

0.920 

0.903 

Na 

0.099 

0.061 

0.067 

0.058 

0.058 

0.056 

0.077 

0.076 

0.093 

0.096 

0.067 

K 

0.003 

0.002 

0.003 

0.003 

0.002 

0.003 

0.004 

0.004 

0.008 

0.002 

- 

E 

5.004 

4.994 

5.004 

4.996 

4.992 

4.992 

4.991 

4.982 

4.997 

4.997 

5.002 


I 





TABLE 23 




U066. 35: 



IE 

11 

11 

1C 

2E 

S 102 

43.61 

43.84 

43.14 

43.23 

43.60 

Ti02 

0.31 

0.09 

0.10 

0.08 

0.08 

Al20^ 

34.72 

34.93 

33.21 

33.18 

34.84 

FeO 

0.26 

0.14 

0.17 

0.13 

0.31 

MnO 

0.01 

0.01 

- 

- 

0.01 

MeO 

- 

- 

- 

- 

G.Ol 

CaO 

17.13 

16.83 

17.22 

17.19 

17.03 

NaoO 

1.11 

1.28 

1.06 

1.02 

1.24 

K 2 O 

0.11 

0.11 

0.13 

0.14 

0.12 

local 

99.29 

99.28 

99.04 

99.00 

99.26 

SI 

2.111 

2.118 

2.094 

2.098 

2.111 

Tl 

0.011 

0.003 

0.003 

0.002 

0.002 

Al 

1.891 

1.902 

1.923 

1.923 

1.902 

Fe 

0.010 

0.003 

0.006 

0.003 

0.012 

Mn 

- 

- 

- 

- 

- 

Hg 

- 

- 

- 

- 

- 

Ca 

0.833 

0.834 

0.836 

0.836 

0.834 

Na 

0.100 

0.113 

0.093 

0.092 

0.111 

K 

0.006 

0.007 

0.007 

0.008 

0.007 

1 

4.983 

4.987 

4.990 

4.986 

4.993 




2C 

3C 

3C 

4 

5 

43.73 

45.10 

45.78 

45.49 

44.36 

0.08 

0.09 

0.07 

0.07 

0.03 

34.57 

35.19 

34.68 

35.04 

36.09 

0.25 

0.33 

0.28 

0.29 

0.16 

0.01 

- 

- 

- 

0.02 

- 

0.01 

0.02 

0.01 

- 

17.23 

17.31 

18.20 

17.47 

17.14 

1.17 

1.06 

0.70 

1.00 

0.99 

0.11 

0.09 

0.03 

0.12 

0.12 

99.20 

99.22 

99.82 

99.53 

99.14 

2.097 

2.091 

2.111 

2.102 

2.066 

0.002 

0.003 

0.002 

0.002 

0.001 

1.910 

1.923 

1.883 

1.909 

1.972 

0.009 

0.012 

0.011 

0.011 

0.006 


0.001 

0.001 

0.001 

— 

0.863 

0.860 

0.899 

0.863 

0.851 

0.106 

0.095 

0.062 

0.089 

0.089 

0.007 

0.003 

0.003 

0.007 

0.007 

5.001 

4.994 

4.976 

4.989 

4.994 
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TABLE 25 




14305, 

102: 











1 

2 

3 

4E 

41 

4C 

IE 

1C 

2E 

2C 

SIO 2 

43.80 

43.91 

45.64 

46.64 

46.78 

46.47 

45.47 

45.52 

49.84 

47.11 

TlOo 

0.03 

0.02 

0.02 

0.03 

0.03 

0.05 

0.12 

0.09 

0.09 

0.11 

2 

AloOo 

36.09 

35.47 

35.19 

33.91 

33.84 

34.05 

35.90 

34.67 

31.96 

33.78 

23 

FeO 

0.15 

0.13 

0.16 

0.11 

0.11 

0.11 

0.15 

0.21 

0.12 

0.22 

MnO 


0.01 

- 

- 

- 

- 

0.01 

— 


0.01 

MgO 

0.03 

0.02 

0.05 

- 

- 

0.02 

0.02 

o.oa 

0.03 

“ 

0 

CaO 

18.28 

18.34 

16.91 

16.06 

16.37 

16.33 

16.81 

17.08 

14.62 

16.01 

Na20 

0.74 

0.80 

0.92 

2.10 

1.90 

1.76 

1.22 

1.20 

2.29 

1.65 

K 0 

0.03 


0.26 

0.17 

0.13 

0.25 

0.14 

0.11 

0.31 

0.21 

2 

Total 

99.18 

98.72 

99.16 

99.05 

99.19 

99.06 

99.88 

98.97 

99.28 

99.12 




TABLE 26 Average Compositions of Apollo 14 polkilltic rocks 





14305, 107 

14066, 36 

14066, 51 

14305, 42 j 

Si 02 

51.86 

46.68 

51.09 

46.90 J 

Ti 02 

1.07 

0.37 

0.47 

1.45 

AI 2 O 3 

25.73 

27.31 

23.48 

19.67 

CroO-» 

0.06 

0.07 

0.06 

0.16 i 

FeO ^ 

4.21 

5.75 

7.05 

8.56 

MnO 

0.05 

0.09 

0.11 

0.13 

MgO 

3.61 

5.94 

6.09 

10.78 

CaO 

13.60 

12.93 

10.85 

11.43 

Na 20 

0.77 

0.79 

0.73 

0.80 

Total 

100.99 

100.00 

100.00 

100.00 

Averages 

computed from 

defocussed 

beam analyses of 

Individual clasts. 
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MNARKtIlkS 17 

llux lTic) have ihcreforc rciainevi original levturo ami chcniiMrv anvl arc tcviurallv 
Miiiilar. hui arc chcniicallv unlike tcrrcNinal havalis. 

In comraM ihc terra rm-kv are much more complex. rcMecimg the pcnml hetween 
VI. ami . » Al . in which the lunar crust was cvntmuouslv heing fragnicmtcvl 
remcltc^. metamorphoscxi. mixed, ami contammatcvl h> large mi|Mctmg metevrites' 
Most of the terra rocks are texturallv cvniplex. mi,xict hrcxvias or impact-, xrmliicexi 
melts, hut a rare few arc prohahl) of pristine igneous origin ilenvcvl from deep 
crustal levelv .Studies of terra rmks are evss-ntiallv studies of im,xict privesscs 
I hese studies are fascinating, hut the ultimate aim is to Imik behind this cvmplicated 
curtain and evaluate the original stratigrajvhv of the lunar crust 

In the following sectionv the pctKKheniistr> of lunar rmks (marc Ivisaltv terra 
assemblages, regohths, arc reviewed m the context of the generali/vxl evolutioiiarv 
^niework alreadv outlined Mare and terra assemblages are treatexi separatcK 
pccause thev form distimt tem,vral and chemical units 

Much lunar literature max be found within the impressive l.< volumes of the 
roc-eevlings of the Annual I unar Science Conferenevs Recent reviews davlor 
l‘>7.S) present a timelv precis of the wealth of data amassevi since IW 

MARI HASAl IS 

Elvnwnt ( ompo.vi/iiirt 

Three maior grou,vs ol mare Kis-ilts have been rv«sogni/ed ; re,ueseniatives of each 
arc shown m lable I Tiianium-nch bas.ilts with II |.V'__ ik), \|,()^ 

I abir I \,a|or cicmcnl ssmipi'siiion of marc samples* 



b 

c 

d 

c 

f 

8 

h 

1 

, 

SlO. 

•WbM 

,W04 

46 I t 

44 SM 

4.S07 

47SI 

4tM7 

t’64 

41 ^7 

I lO. 

iim: 

II 

t t .S 

:8s 

4 6: 

1 77 

:ti 

lt4S 

10 r 

Vl;0, 

7.7g 


4 MS 

8o: 

MM6 

SS7 

8 4t 

SN 

Q75 

X'rjO, 

leO 

IM4M 

|M40 

0 46 
:tt7o 

OSS 

:: ot 

0 :6 
n:s 

|MM7 

::.ss 

O.S7 
18 ’8 

o:" 

IS N 

MnO 


o:7 

o:8 

ON 

o:s 

o:s 

0 tt 

o:8 

ON 

MgO 

r.si 

7 7,t 

S07 

l’66 

7:i 

MOI 

II 14 

M4M 

^ S4 

laO 

10 76 

II :s 

10 MM 

MOS 

II 4 .S 

lot: 

M40 

io:m 

1 > ^0 

NajO 

O.S| 

tUb 

o:6 

ON 

o:s 

o:s 

o:i 

040 

0 44 

K 

tl.tO 

OO.s 

007 

007 

oos 

oot 

oot 

oos 

OiN 

• Ml nn4l\\<N h\ 

\ I4\ HuorC^CCIH'K 

ttXRH 








Vpi'llo 1 1 hi|ih-k ilmcnitc basali ItXII ’ (( Vni|ssion « al l>)'in 
\|sslloM K.» K ilnKmic Kisali liXMs n ompMon cl al l■|•^)| 

Apollo i: pi|ics>nilc hasdil I Ms: |( ompsion « al W*ll 

A|S<llo i: olmnc basali I.XXM n'ompsion « al W’ll 

Xp»»llo i: ilnicmic basalt IJJIIM ii'ompsion ct al l‘>‘’ll 

■Xpollo | S pMoumc pbok- basiili I VdsK (KhtHics ,v llubbaul l■J’ll 

Vp^>llo l< oliMnC'|4>\rK bas.ih |S0|p,Kh>Hlrs ,V llubbai.l Wl| 
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' 4 “ V'r ^|'/‘‘ •'•^•^‘''“"‘"">"»'‘ -'^‘‘'»"-«i'v nun.um-,xHn K.x4Uv «,,h 

- ■« . ItUj and \|>0, .Kvur m lK>f4mK lVvdl.«ui», and l*alu> hitrcxinuiv 

-mJ alMmnuH.x havali. ^„h II U', M;0. *xvu. m Mate a. 

rare «mplc. at oihct micv Uo«e»«. this dtv. not in.|^v that ihcv- ntarm arc 
tilled b> ^Nilt> ol these s|XMiK- vvnip»ssHK.nv mikx s,wvtial and isKMoesvIoBK- 
anal>MMBivan X \dan»> N’t. Howard et al l'»'»,V IViets et al l'»'»<| indkate a 
xati«> .d havrltK- t>,x-s m each nuie I t^mex I aiul : nulKaie that Nrxaltx ho.n 
avh marexan tv dixiniituishxxl h\ Min|slc hinar> iMois (KhkxU>x \ MtihKird Id’i 

r,i ‘' ‘‘ '‘'•'Sf'H'l'v each with 

iiilicicni chctuixii). nui) he u\V|Eni/v\1 

Htix leadx to a claxMlKaiion of mate Kiviltv K.sxxl u|x>n a vXMnhmaiion of 
nuhn element chemiMtx ami nnnetak«,l\. a» ilhiMiaied in laNe IcMuial 
clavxirK-almu> ate alw» (XtxMhIe tWatnei l»?i» ate tixelul Mt xAxdine rate 
xtihlieN hut ihe> have le\s ix^roihtietK' MjtnitkanvY 

Vt i^e V|vllo l.\ 15. aiHl I' Miev both diiattA- aiul olivine-noinwiive Ixivilix 

t""'' -V Huhhatd l»^.f. sh.h et al 
!>» H hut the relat.ondti|w hetvuvn each tv,v ate wm,v|ex lor niMaiKV. at the 
\|xv|lo I. Mie the olivnu- ami vjuartA-normattve Kivilix max lelatcd hx loxx 

I'uvxute hactu.nal crxxtalli/ation (Janiex X Wiijiht lu-.'i. hut mn at the Vivllo 

m I Mtx-x In the laitei caxxx the txxo K.viliic m.iKmax ate telaixxl to ixxo 
dillerxMit (vuental nu):max iKhtxlx'x \ lluhKitxl lu’.t, shih et al |U'Si 
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I ou prcN>ure fractional crxMalli/ation i> a viahlc mcth.Hl of pf^xlucin^ wiihin- 
group variation at ncarlv all nwrc viiov a% dcnionMraievI in laWc 1 Onlv in 

'"'■•‘•'*‘>1 iracc clcnumi bud^vis (Shih cl al 
14 I "wrc magmas arc ahotii three limes less viscous than terrestrial 

Kisalts iWcill Cl al |4^H. uraviialioii settling should he an eHicient pr.KCss 
Mowever. most of the tevtural and mineral chemical features can he aswuntevl 
lor hv a one-stage cooling historv lIVwiv et al I474al from liquids erupicvl 
essentia l> crvsial-free HeiKv the maior fractional crvsialli/ation must iKvur during 
the cooling of lava al the lunar surfavx Most fractionation schemes underssore 
the minor role of plaguviasc in this pr^ves^. indicating that the uhiquiious 
europium anomal.v |see hdovv) cannot he produced hv fraciionaiK., of large 
volumes of plaghH'lase 

Ilte spectrum of basalts observed in large hand spccintens has been expanded 
hv studies involving smaller and more numerous hihic fragments and glasses 
found^in the lunar s»vi| tiiass studies involve the recvgnition of preferred chemic.il 
compositions among im|xict-prixlucevl glasses iReid el al 1472, Reid el al I47\|. 
as ^ovvn in Fable 4 Oreen glass frvmi Palus Putrevhnus and orange gl.iss from 
iheLiiirow vallev have aroused much interest because of their unusual svm|xssii, oils 
I Fable 41 and remarkable chemical homogeneiiv (ii. contrast to the heterogeneous 
mi|\ict glavsl Mihough there is no vviisetisus of opinioii on their origin, thev are 
iiHist hkelv volcanic glasses K'adenhead |4-’,t. |»r,n/ el al |47,ta. Reid et il I4’t .i 


f ii/uf.' f cO-MgO relations foi marc Kivills lo ilhisiralc 
4 arc ohvmc coiilrol hues, lines I and < arc (sigivnile co 
smirccsasin I igurc 1 
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Table 2 Classifications of mare basalts 


Chemical mineralogical 
classification 


Mission 


Reference 


Apollo 1 1 


High-K ilmenite basalt = 
Group I basalt (KjO > O il*;) 
Low-K ilmenite basalt = 
Group 2 basalt (K<0 < O.l t%) 


No systematic relationship between cla<sifications 


Olivine basalt (MgO > 1 1.5*;) b 

Pigeonite basalt (MgO < 8.5*,) b 

Ilmenite basalt (Ti02 > 4%) b 

Feldspathic basalt (AI^O) > 1 1 4*„) b 

(Less complete classification given by : 
f.g.h) 

No systematic relationship between classifications 


Olivine-normative basalt (SiOj < 46*,) 


Quartz-normative basalt (SiOj > 47“,) 
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i; w i.’o av. l()4^ 

04^ 0 ) 0 «» 0)4 

00.' 0 10 0).' 01) 

\(X<llo |7 \|yt|U<ll ■\|X>1U< 14 \|X>IU> I' 


‘ iiuvn III I mO( 

* Ui4iiy« III M'll ’4’4|I|K|.>I»I d <il |i»')(il 

' l'i\*K'iiv\( viiiii(S*\ilu>ii III \%ii( *'4.'4ll iKoii) d 4l IM ')(ii Niiitit.ii v^nti(X«\ili«m« ^xxiii in I ^ mmI 

* " I iaiii(uilli(4lix IX (X* xxnnixixitnni in \|si(lii 1 1 mil XinnUi inni|sxvilnm\ xhvui in x«nl al \(x41ix I 
aiu) U aiul I una In \ik*\ 

* Mail' lx|x* ijlaxx in xxnl (4'W 

' MaidlX(X' ulaxx in \|X>Ux> (' x<nl 

Nx'lx' IXx'lx'iixxl Kinxx xx>iii(xxxiiix>iix xiiiiilai lx< llix' Ixxal niaix' (xaxall >x\ui in nn>xi xxnix 


Smythn 


Cognitum 


Crisium 


Tsii'i|kx7\ sky 


ImbriuT) Sefomtotis 


fwnrr < M Si .Ox'imx' inltox lx<i luii.ii ix'iiolilh Itxiiii x>iStl,il \ inx llm>ix'xxx'iixv xliOa 
(\xllc( l**7^n, hi Also shown aic A1 Si lalios oi lancx's Kn saiii(xlcs x>l maix' nnxl idia 
sxnis Nxx(c ihi’ low idiixis lor iiiaic Ixtvili (\IK) aiixl hi)(h ialix>s fxii inaix' i:xS'( 2 i.i|xhix.ill\ 
x'lx'sc lo (citu ii'iiioiis I his IS aliiiosi xvrl.tiiil> Oxvaiixc ix( laU'ial inisinn 
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k.ihl> a'Ksl.ini aciONs ihc l.iiiio marc 
c .mil icira malcn.rN. vuilriuii M(! 
■ ■ iiN ihc hijsliUmil' lUv.iU'.c all lire irraic lanili 
lire Itigirlairilv il ha> m»i Kvir |x>smNc u> ilctcrmmc ilri 
iliM.mt Iront lire Iritilrlaruls 


!‘) 70 l lire M Si ralrn^ remarir leiriai 
Migjiesiurg air elluieirl iiriMirn ol irrai 
eimr|X'Mlri’iral giailieirlN unvai 
have been eli">e u* i 
Ilf leria imviirn vviilr irraie .il viiev i 

/ riitv i.U-m iU i omposilioiis 

Ihc large U'lr hlhiti>lrile |l II 1 ir 
siheaie meli (vlrasc ihirmg both irreltmg 
iliMribiiiioireiK'llteiemvarere.iM'irablv well known lor sev 
nr Mheale phavev |eg Kb. Si. K. H.i. i.ne eaiilr ek 
ihirmg both melling ainl ervM.ilh/alion e.m be pi 
Pailieiil.ir auenlion h.i' been ihieeleil at the abunil.iiie 
Ihe abiohiie abnirilanees ol I II elemeniN relaiive lo 
K. .11 .ir.i.T 111 inaemtuile. ihe lel.itive abimilaneev le\' 


.lee elenieni' geneiallv Mrow an allmitv lor rue 
anil erwialli/.iiion Siinv ervNl.rl mell 
er.il of these trace elements 
Its (Kl 1 11. llreir Miavioi 
eihcteil with some ci'iihilence 
•e |\itleiits lot mare b.is.ilts 
choinlritic abmiil.inces v.irv 
so il igiiie 41 Some ol the 


Olivini 


A ft Gcmh 


Bo LoCe Nd SmEuGd Dy Er Yb Lu Sr 


I 4 Ml liacc elemeui **hvnul.»iKvs loi m.uo iMvi 
lali/eil to clioiutimc abiiml.nnes Note lire iil'U|imoii> 
^ in t It elemeiiis Ihc \|x>Uo I' green glass has ih 
nanri.mis a small I n anoinalv Nole .lUo ihe coheiei 
iig lelalioirship ot some mare rare eailli ixillerns I 
r\ liasi ll'i^'k RIuhIis .V. Iliihbaiil Il'J’tr, Rhoiles el 
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nu>iv I'hNCix.ilioiis the I II okMuoni iIiMiiImiiu'iin .no \,i) Ihc 

iil'U|Uit> I'l .1 no):.iliM‘ I ti .iiUMiuIx. |M auicl.ilu'ii I'l Sm I ii r.ili»> with ,ib\ti|tiU' 
ahiiiul.uK'c ol I II dciucnK (i I k.iu'iUK'al i\xhou*tK'0 Ivlwivii I u aiul Si, (■/) woak 
Ir.iclionaliixn of li)(hi iclaiiu* to Ikm\> raiv earths aiul tonxk'iwx k*i I'l.iclionation 
to ineioaso with nKioasmjr alomu miiitlx*i aiixl \Mth ahM'lulc ahiiiul.iiKVv t« I l.uk 
, i*l siixso oohorensv Iviwcen k ,iikI less \olalile I II elemeiMs, aiul (/I liiiutameiilal 
vlilk'iviKVs III ahiiiutaiiees ol I II s'kMiieiils aiul laie iMilli |villeiiis heiwivii ni.iie 
aiul is'rresinal Kiv,ilis 

^ I aijie Sill I II laiu's iiuluaie the iiiiiuMiaiii lole pla\i\l h\ |>la)tuH'l.ise la sink 
loi I II" hut not li»r Imaleiil Rl I I al some si.ijie in the (leiu'ialioii I'f iiiaie 
havills. altlioii):li other s'oinplev sv-heiiu's lun iii\ol\iii|: plaguu'l.ise haxe Kvii 
s-\ol\x\l (RiiiftXMHHl l'>74l \liulel eakiilatioiis (llaskiii et al l‘>'H>l iiuluate that 
prohihitixe aiiu'iiiits ol pla^Mivlasx' xx»>iikl luxe lo se|x,n.ite lixxiii iiiili.u'lu'iiatexl 
^ „ mare mattmas m orxk*r i»' piiuliu'e llie x'hseixx\l Sm I ii ratios Siuh a pr»uvss 
xxoiikl alsix he iiu'xxiii|\itihle xxitli the ilel,ixi\l erxsialh/atuxii of plaguvlase m mate 
havilts (RmgxxiHHl \ I sseiie l‘>'nt. liuvn et al l‘>7|, Hijijiar et al |xJ'’l, lleiuv 

r.ipike l‘»7:i 

t >hseix.itu'ii (Aiuleis s't ,il |*)71( has le.ul ti> the sii)i):estioii that the soiiisv 
lor m.ire Kis.ilts xxoiikl h.ixe Sm I n ' I aiul ih.il ):i,uhi.illx kkvix'asiii)! ik'^siws i>l 
lurlial nu-lliii)! j>ixe jri.ulnallx nuuMsin>! Sm I ii ialu>s In ileiail, hoxxexei, iheie aie 
ni.nix exeepiu'iis the I inia ll> has,ilis luxe loxxer Sm I n i.itios than iiii)!hi Iv 
pis\luix-xl Iroin the Rl I ahinulaiuvs. the \|Sxllo i: ihiieniie hasalis haxe Rl I 
lulli'iiis qnile xlilVeienl fiom oilu'i nuie h,is.ilts, aiul so on I his snjjftesls niiilii|xle 
soinve regions kxi nuie has.ilts 

\.nuiu<iis III 1 e Sm iatu> nulu.iie that xlnu'pxix'Xx'iie pl.ixi\l a i»>le m maie 
h.ivill m’liesis (Shih x'l al l'J7S|. hnl l e Sm aiul ikl I n ialu>s shoxx no xxell-ileliiuxl 
relalionship tihe liil I n lalios aie strangeix hij:h in Xixx'llo i s has,ilts) 

I he s'x'luMeiuv k'l I n aiul Si in ni.ne havills piixxules s>>nie vine lv> the vixstalkx- 
v'heniieal Ivhaxu'r v*l I ii niuler Iniiar v'v>iuhiu<iis Siuli vvlieieiue eoiikl v'lilx lx‘ 
manit.nnevi il I n xxere laitteix pieseni .is I n' , in xxhuh ease K»lh Si .nul I n 
xxixnki vlispl.ix vIuvIvkIix xxiih I'a II has genetallx Iwn .uwpivxl that the U<xx 
lexk'v ev'iulilu'iis niulet xxhuh liiiiar nu}!nus exixlxe xxixnki lesiill in In' In* 
ratios hijsher than ohserxvxl m •.eiresiiul havills (Phil|x<iis ptAt, Drake el al l‘>''4. 
Di.ike l‘>75f In this ease, a huge lraeiu<n ixf I ii as xxell as Sr xxv'iikl he K'ekvxl 
III plagUK'lase. piiHlneing high r e I n i.iiu's ni nuiv has.ilts v\|inlihiaie\l xxiih 
’ plaguu'hise 

I raelu'iulioii >x| minerals at k'xx piessine vkvs .uvoniit kxi svxnie v>f the ehenneal 
X .iruitoiis III nuie Kisalls ( I ahle t|, hnl lenuxxal v>l leasi'iuhle anuxnnts of iihxine 
• .nul ehrome spinel eaniuxi signilieanilx |Vilnihtheielatixe I II elenieni vlisinhntUMis 
llv'iiee. It has generallx hvvii .uwpivsl tiui nniv^nelx Inn.ir |\iiieriis lelKvl puuv'sses 
v'lVialmgxxiihni the lunar niieru<r vinrnig the |miIuI melting exenis gixmg use to the 
mate has.ilts 

lni|xxrl,ini nik<inulu<n lus alsv> Kvn iihiaiiuxl fu>m siiulies v>f suleivxphile .nul 
xv'lalile ek'iiients in knur ii'eks Some v'l llu'se elenienis, eg li . Re, \n. aiul Ni. aie 
ahniulani aiul xxell eharaeleri/x\l in nieivx'i ilx's. hnl ate valine vlepleivxl in pristine 
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lunar riKks Mich as marc basallN ; ihcrclorc lhc> allow an cMimatc of Ihc conlribnlion 
of cxlralunar mclcorilic material to the mare regolith (I iguie 51. A Mrikmj! 
characten>tic of mare bacalts is the vlepletion in \olatile elements, relative to their 
terrestrial aiul meteoritic abniulances (I utiire 51 Since these volatiles nia> be 
siilero|vlnle. chalcophile. or litho|v|iile in their chemical behavior, one crvsial-lii|iiKl 
(HvK-ess within the NUnm is imlikelv to have iniiiallv provhicevi such uniform , 
vlepletions. I his conclusion |x>ints tv<warvls a Minm that was bv'iii alreaviv ilepletcxi 
in w'latile com|X'nenls. either as a result i»l accretu'ii at tiH> high temiK'ratures 
to cviuleiise volatile elements, or a M'lar nebula that was itself ilepleteil in these , 
elements. 

Some skepticism has prevailed, however s«>me (vople argue that volatile 
loss iKvurred during magma eruption into the lunar vacuum This seems highlv 
unlikely itiana|xiih> el al IdW) Kvause N>ih Kb-Sr and U-lh-l’b svsiemaiics , 
demonstrate loss of cither Rb or I’b not at the lime of bas.ili cr\si.illi/aiion but 
rather al a lime apprixiching that of the Mv'on's genesis In avidiiion. the low 
va|x»r pressures of these elements nxiuire eMremelv ellicieni e\ix»sure i»l all ixiris 
of the magma bvxlv to the lunar atmosphere t(.iibs»>n el al l'>72k such as might 
ixvur vluring lirc-founlaining Ikvausc K'lh miencheil bas;ilis aiul slowly ciHvlevI 




htiuri- 5 Mnindance ot sulerophilc clcnienls (Ir. Ni, \g. \ul and volatile clenieiils m 
'\|X'llo II tsuuatesl. \|X'llo 12 (liianglcs). and Aix'llo t5 teirelesi mare Kisalts and lei- 
rcslrial basalts ||x<lvgons). relative lo t l ehondiilcs »i and Hi may also be siderophile. 
/n and I'd ehaleo|vhile. and Rb. I s liihophile Note the dramatic depletions m all ihes, 
elcmenis relalive lo chinuliii.*' -nul leiiesirial b.is.dls Data fri'in Ci.in.i|\itliv el al |W,ilc 
Andcis el al tl*»71i. Mo.gan el •! 
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lt.ihhii>N.iu'iX|ii,ill\ i(c\ol.ititi/i\l.ilioi.viKiuMi It) thill ihiM-h.ir.ictoristu Mii\inhoiitiMl 
fruni till' hiiiiii tiiiciior vconw iiiCMiiivihlo 

I ho niaio KimiIin aio aNn iliasiKMlIx iIoi'IoiimI in u<l.ililo\ .iiul Miloiophilo> 
rohiiivo to tciioMrul h.ivilts; iho liiitoi .110 iilv« imioh iloploii\l rol.ilivc to onlmaiN 
aiul h\|vrMhoiio ohmulniON |l ijsuios <, ')» Vnno anthi*i> ha\o iimmI thi\ vIiIIoioikv 
• li* iliMhkv that the I arth aiul iho NUhui aic not th’iioiioalli iclaicxi tSnijioi \ 
Kiiuloi nianii I'i'Ml, hut Mioh iIiIVioikyn oan alM» Iv ovpiainoil il iho Mimmi hoiv 
IMiHhKwl a> an I arth silolhio n,iana|Mlh> ot al l‘»'Ot Konioxal of sulci ojifiilo 
« cicnionis III a |viuhI of metal oMiaotioii nia\ puHliuv Iho obsi'iu\l ihlVouMux'v 
il Iho lout to SIX oulois ol nia(iiiiiiulo o\\):oii fii):aoii> iIiIVoioii.y* hoixuvii iho I aiih 
aiul Miuni arc lakiMi niio asxxnnil Suloio|>liilo olonionis max liaxo luvii iiiiu'h 
iiioio siioii|il\ hastioiiaioil into iho iiioial uilhoi than iho silioaio phase uiihiii iho 
Miuni I ViuliM s 01 al 1*1711 

/Vxfnri'imi/ Afmoru/oj/i 

riiolwoiiiosi nii|M<iiaiit ixiraiiioioisalVovinm loxlino aix' Msvoshx aiul inulouxuiliim. 
Iho lalioi honin luwssin 10 inonioto aiix otxstalli/aiion al ail Ih'ih ixiiaiiioiors 
vioioi iiiiiio or\ still giouih aiul iiiioloaiioii Iho loxliiio ol niaio Ixivilis are the 
lOsuli ol s'lxstalli/iituni lioni silioalo hi|iiuls Joiiuxl Iroiii |xiilial iiiolinig of the 
liniai niaiiilo laihoi Ilian as nii|xui molls, a svnohisuni tun no 0111 h\ niniioioiis 
liasx' x'lonu'iii iiiul isi>iopio suulu's |l*ii|xinasiassuui ol al l\i|xinasiassioii \ 

NNassoibing I'l'M, l*)?^ xiasi l*) 72 ) liiivn aiul i'laiijio (ilass ix^lhvuxl iliniii)i 
Vixollo lA aiul I?, lostxviixolx, max lopiosoni niaioliko majinias ihai inuloixxoni 
oxiu'ino niuk'iaH*lni|! \sulo lioni ihoso, all maio majiiiias oixsialh/i\l oxu'iisixolx. 
0x011 xihoio liipul sxu'Inij! rates oan K' ilomoiisiiauxl This is in niaikixl sxniliasi 
10 toiiosiiial K1S.1IK aiul lolUvis the U'xxoi xis^vsiix aiul xaiiablo bin hiiihoi viojjuv 
ol sii|X'iotuilni)i of niaio niaiinias 

Hoih oni|Miioal aiul ox|XMniK‘iiial t'bsoix alums ilViNxix ol ,il l*>'4a, I «'l|jion ol al 
I'l'^'Klonumsiraio iliai nianx maio txisalis. moliKlnij! tlu*so xxnh |s|ionooixsis niaiix 
liiius liii|ioi lhan )iiv<inul-niass oixsials, ,110 ilio ix'snh »»f a ono-siajio. appioximaiolx 
Inioai sXM'liiijs-iaio sii|X'inii|x»sixl ii|xm xai,xni)j ilonuvs of inulouxu'linu •»-'ssxl mi 
oixsialhvlionnoal (jroinuls. n was pioxioiisix aiijiuxl that some niaix' Ixivills luul 
iiiuloiiumo a iwo-si.i)io o»H>lni)! hisioix iHoxJ \ Smilh l*l-|. IWiux' iM al l*J7l. 
Hs'iuo ,Xi 1‘apiko l*>7;i, 

\ xoliniiinotis liioiainiooxisis >>ii ilio niniotal s'homisiix of maio txiviliv pioxulni)i 
Ohio's lo o'oolin(! rats', oixsialli/alion liisUnx. olonu'iilal fiaoiumation. <ivx|5o'ii lii(!iio'ilx 
aiul |X'lu<)U'no'sis Snoli siiulu's |xoxulo an osso'iitiiil |xiil »»f the olassiiivalum \»f 
iiiaiY Kis,ilts Most aiioniion has Ixx'ii fixiisoxi ii|xm the p> loxi'iu's aiul sjuiu'ls. w lu"*' 

• ohoniioal xaitalioiis aio xi'ix laijio oxmi|xiuxl to the ox)iiixaloni U'lrosinal minoial 
(iii'iips III iuKliium. maio Kivilis o'oniani asso'iiiblajios oviisulo'uxl nux'iii|xiiiblo 
on the I anil (oji M(!-olixino iiiul iiulxmiiok assomblaiios inisiablo on I arih 
(oj: I e-N' iiH'ial aiul tioihiol aiul some iniinnoix hiiiai ninio'ials (oji ainiakxrliio 
aiul iiaiupiillilxiiol lilossiinos (<f liiiiai ininoials max Ix' liniiul in Hiown |l*i70). 
loxinsm-,\ laxloi |I*> 7 H. limuM ( I*J 7 :k aiul raxlonl'» 7 M 
kk'iiliAxI oloiiK'iital xaruitioiis in niaro pxix>\i'iu's aio sluwxn in I i|;iiro h Miiio 
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('* 1 , 2 ^ 
for ,hc ';''^''"'''""'M h> magma hull chemisir^. 

Apollo 1 1 and I7p>roxon.s \ r.n r -n.vnira..o„s of I . ,and h.m.v All m 
»’«' I...CT b> ,hc hulformg rtkVof aTs'r 

and plagKKia.. In ^.nno‘:■as.; c “ 

•ron-ru-h PHou-nc can onK he ^xvm C, t ■" 

' and or ( r- • '‘’f iiv'ummg ihc prc%ciK-c of l i ' ' 

In mo>i mare havdtv unh m. ^ 

* I’Hovcne lo cr>Mall„e uas \lg-|Mgrtmnr oT r‘i[ l''"h"‘’ " 

l‘»7ll Ihecore low-t’a p>ro\eiH> mu Iv- h iHolliMer el al 

P-«'N mio. a caicnim-rich augiie as a consign Sradaiumalh 

0 /onmg involves progressne iron cnr,chn,r.rar?v, Kr''*'''*' 

Ik- suKalcic. lerrcMugne held The ulinn iie A ."ir ' ’■■'"'"■'''‘'n' '"l‘’ 

TKlmic. p>n>venoid. p>roxlerroiie. or fcrrohc-deii^re i *' 

P>ro\ene imderg,vs nvior /omng (Ross el iMU 7 o 1 'ii arise if the 

'•ai’-kc l»7:. Umi> el al l^74a. in vs Inch I m "l” ‘‘'^l. IU-ikv A 
‘.^'niixvsiiion grow Noie in figure 6 ihe divergJisi"' f 

vases Is caiiscil h> HVi«>r /oning. ' **‘•'"'•1 v’f p>ro\i*ne irends m s*ime 

pyroxene v-vvm,xvsiiu!nr(B"?w^^^^^^ ^«-*n».irlahle variaiioiis m 

m .he sukalcic augiie iLd ,1 

cnrichme.,il(h(„ear-cx,uihhriLcrvsi,|ll,n,^^ noi ex, dam ihe sirong iron 

‘’"'•ne. ,v.g.vniie or oriho,nroxenrso ih I -"’-n^x- of 

'‘>l'usrelaiu.nship.,. )availahiliiv ofahundn.'i , a 

a lowing sirong iron cnrichmeni. (./, remov ,'| of ( . i ^ ‘ a 

ol hxiowniie-anorlhiieiBs-ncesV Pa, vile |v, 7 >, ' *’> ^‘fy'lall'Ailion 

^^- in lerresiria. , m.Wiing ihe 

a (.1 i.,( , (///) hosli-nheijiiie,, m^SjO, ^ eiisi im' ' i 'i**^''*** vliopsulol, 

I Ko irculs m some diagrams gcncralh re v,ess-m m ^ *' '' f"K.s,|„e, 

irxnd m seeior /oiuxl ervsials Noie ihe lenden s r t^Kvoniie irend and I III aiigiic 

niagiiesmm.free (om, resulimg m the ervs.alh^uion' If '.h'''’''' ‘''''''"•Kh the 

Iriangles represeiil variain.iis m minor eleme.n ^^,^'i.'"^'’'‘'n'’'vl- I’vioxferrorle 

Vxc Ihe ,1 and fr a.v.ees are al 5 o’ ,\ : ‘ - '‘•'h 

'o Ihe use of ih.s diagram niav be found n H in. , vhssuss.on 

line are, vress-nl!:; " '’'"'v" •" -n‘' -r.alioiis 

or vross this Imo lo M Ti > i ,i ** •. I Note most inroxctus imu-.vi -k 

ap, vroxnnaiciv rcprescnis a ssxjuena- m whieh'nlV" 'H 

vrxsialli/aiion sequeiu-eiBeiKxi A Pa,„|,e 107 ’, m*'/Iav^.o'’''"‘'? l^"^*fr"Kel.^ later in Ihc 
_ Ole Ihc unimic trend for NOyt. «hieh ervsi dli/ si . i noi a,vpiM, ai all 

asalls Puoxenes m \,x,|lo II ilmcmie Kis;,|is h'lve'M'r" "'arc 

■Ailion pcruHl Note also ihal the "l 1 k ' "-v-r ervs.al. 

trend IS a rough guide lo the K-g nnmg of ,v| i •" 'hv pvroxene 

and \,vllo 1 1 inroxcncs *■ ^ ''‘•'‘“'K lass- crvsialh/alion, exsep. for faiiv . 
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\0 KHMI> _ . 

a., i 

(Snulh !'»• U ihc » 0 r.il.0 mvu. J- ‘ ^cm>v^A^lK cuMaW .iiul as a J 

fdaluM»>hip »' ix'iouuallx « '' ‘ >,,,„,u>Kluon>cti \ tNlrcMUOiuU ob^'iACit J 

ovplauuM bN » o' *n .Catuxt.al ^ 

in mate plajiux-aM>. «b'eh van » ,,,^. ^,i,M,-i\a- v? 

.u. RaH K- an ‘7-;;;; ^^nb bn^ .S“'- 

,mn that MOK-hionu-tnc violation MotJnonictrN ^ . h 

snuKOt' that the >triKiiireol the niau 1 v • Kiviltv In 'onic Vix'llo I 

Olixinc crivtalh/cvl ni xamng vvith the melt, mikv rniiv 

bas.illvohxnicvvvnivlohaxeh.u |‘» 74 l In \lv«o I'ohxnic 

ol anitilconohxnioaiclioMuvn x ,v aiic to xanatioiiv ni ohxnic ^ 

baxaltx niiixli ol the xanatioi ,otthn^ /onni,! ol ohxnie ^ 

vvntent. ixolviblx ax a leMi x mxeixexl xxith a xlistniet x.»niix"Uional break 
phenxx-rxstxtxiabxxnt ‘ ''v; t'ni ‘the niexxxxtaMx that M.wtestx aKani a leaetixMi 

,0 Miiall aiiioiintx xx| I''"" h,rMenteanxleri>txxbahteerxMalli/xxl 

•' 

nu-'elieniixal xariatixxiix aiul n’lJdi nu'i'v x‘lii table than h'l 

least IS exxniplex as obsei xxxl , ratine is the abseiixv 

oi\ixtiieMnieriestrialbas.ilts 10 , ^ iittiibntxxl to the laeW ol 

IcitK iron Insteaxl.theniaioi ,1 e.|il>xt pixixvluoniite 

M-l'i. I i-/t- 'h"x-'>'»c. nixinbxi . ^ t ^ ol the arnialeo 

iM^fi .OAsh.oniitxMl V.bxx in mate bas.ills ihher o,Mx,ne phases 

- — - -- — 

sp!!d svni,x.s„ixxnal xiata in mare ^;;;;“!d^spnKM^h^^ ^ 

xxxhimetllawtertx .Imenite, lepu-sentm, xl.lVeiem Q 

siMiiels (NNalkiiis xXx llajtjsertx I >b V .1 sxliix- 1 in Mtf-iieh menibei xxf the 

liiaiiia iieh Kivilis liaetixitx m the melt Roth 

|sseiixlx»brxH'kite pioiipk ixesiima ' ”y‘' j for .unialex'hte. xxliieh 

obsx-rxat.onanxlev,vtnnentsi,p,xntahn uxl^ ,i„xer.itu.e tdixx-n et al 

.,.h ...on .-"SC ,c,«uM 

«X ' 

xixmel. \hspmel. aiul 1 e iiKtal .,^^^,aeseiilvxllrxxnimaiebas.ilts.x>l xxliieh 

,h:r;"^^ 
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f I^ur, ^ Itcnds ,»l X|ynd \ 

pnMiM.i(ici |g->ii ihe<.,K) 

tV(«ivn \,>»||o 1 1 ;„„l I ’ ,r, 

OMiiinuiu in ihf liiiior jiul .1 jitc.iut i 
I Un;l l^ s|Mndx .110 ximil;,, (,u, 
'•iri.ihi|ii\ in the tiUoxpiiiol iyMr me 
ct al (N’ 4 l 







32 Minrn 

a,u» S..,cn..a,.> haso wn.Mcn.h oWc, ag.-s i3^ 3S M > .han .he K>v..,..a,«a 
K.x,.hs 1 . 0 ... in.H-cIla.un, a.ul .3 2 3 3 M 3 Bax.l. fron, Uvunvh.aUs has 

been sla.csl a. '4 3 3 M il’ap.inas.assion \ W asMi bur jj l'» -1 lemix*ral shanj.es 
ehennsus ate nuhea.evl ,l\.p.ke e. al bn. .he areal v..n,M.ng ,s s.a..s.,eall> 

psHsr a.ul x^arran.s eau.toiis in.erpre.a.ion I aij!e ssale xoUanisn. nnis. hau siascsl 
«. aKni. ' W . in«l|!injt hi'in era.er slensi.ies on mare snriasv 
RKSr sxs.cma.ies are ra.her s.ra.gh.loixxarxl, a. leas. xvm,u.exl .o .er.a s.,mplev 
anxi snw.es. .ha. .he sxs.ems haxe re.namexi nnsl.s.nrbsxl s.nee .he laxas exH^kx! 
^^•a,v.nas.assunu^s Wassx-.bnrs l‘J72t I heloxx Rb S. ra.ms..oge.hei xxi.h ei >s..Bh/a 
..on aw-v "uhea.e an ongm of mare Kivil.s bx |vr..al mel.n.R ol a loxx Rb M 
man.le ...US) exx'lxxxl essen.iallx smxv 4^ \l (I ij.."*-' * '•' "* 

mil.ea.es .ha. loxx Rb Sr ra.ios as a rcsnl. v»f xle|Me.ion m Rb xxere a ehaiae.ei.s.ie 

of .he Mxhm.s man.le a. ap|sro\ima.elx 4 k \l 

Mixs. mare K«s.il.s xlissorilan. I I’b age' “'b 

t oneoixlan. Krsal.s .Nnnes e. al l'>’4. leiasS; Wasserbn.g I'* 4. 

0^44 M are rareix obsx-.xxxl, xxhieh impl.x-s no Irae.ixxnaUx.n ol I b an.l I m 
ihese bas.,l.s’rela..xe .o .hen sxxnree l eta xS \S asss-.bn.g .l‘»’4. xhssnss sexeral xxaxs 
sneh an nnhkeix MUianon m.ghi ar.ss- Ihe exolnl.onarx h.s.xxrx xm .he xhssx..x..m 
mare K.s..lls mnsi be- xvmplex anxi Inghlx xleivnxleni on ihe mnll.siagx nuHe^ 

ehosei. ^•.elnnma.x I -I’b mleinal .sxvhron xle.ern.ma.ix.ns ,le.a .V WasseibriiK 

14741 xxhieh are ...xxlel xleiermmexl. again mxl.eaie an imiv'r.ani exeiii a. '44 
m Ihe exxxlnlix'ii of ihe hmar manile 
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f. \ /H-nmr-.if xi/ /’i ll'* 'i* V ' 

Mneh x.f .he rhe.oi.e a.ixl argnmen. x>n mare Kivil.s has 

m.e.p.eia..x.n x.f high-prx-ssn.e a.ul .em,v.aln.e'mellmg eviv.nnen.s M.xh hxaixxl 
xleKile tellivls ihc mhe.eni .mix.rl..nee x.f ih.s xliseiplme ... xlele.....m..g .he or.g.i 
x.f ...are bav.lls ai.xl ihe mmeialogx of ihe Umar ...anile Rxxlnexxl lo .is s.mplesi 


. s HhS, xxs.x-mal.xs lx.. ...arc has..lts Sole ihc g...n|.s vx...x-s,vmlmg lo 

x.!e.‘a.. 'sm,..a....x-s .n bulk xt.c..us..x .«o l...x-s ... Rb N. 

,.,nchlx braxkei .he Rb s, lau.. x.f ihe ma.c s..mxc .eg.....' »hai x..x.lx. haxx xx. 

* si ‘"S. 0 n4S4S mxmal * S. -S, .ano ol bavilne axho..x....c ...Cxv. i.x-s snxxv 4 b^ \f 

prxHluxCxI ...arc b..salls al .he m.c.xals shovx.. xx.lhx.n. rcx.ons ..ax..o..a..x... ... ihx 
Rb sr.al... IVna are fro... . o.,.,.si.... c. a. .WT.., .4'U Pa,v...as.asM..n c. al .14 lU 
Ja,M..as.assK.n ,S Wassx-.bnrg (l^Sk 14’:i Nxx|».s. c. al 1.4 .U I xc.sc.. c. al .1 
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lermv and itsnonn^; the evnerK' coni|>le\iiii.*N of "run condiiionv” the arguments 
re\ol\c around the degree to sshK'h mare h.is.ili ehemistr> has heen periurtvd h> 
low pressure fractional er>stallt/aiion If this privess has operated in a maK'r wa\. 
then experiments that simulate mantle pressures cannot he used to evaluate pliase 
rcHaiions m the \1iN>n's mantle, converselv. if the hasalis are pristine and largelv 
unfraciionated melts, such experiments provule valuable mforinaiion 

Much of the information previouslv discussed indic,ilc*s that some low prc*ssure 
fractional cr>stalli/ation should ivccur in lavas of such low viscosiiv This process is 
likelv to have«v|veraic‘d most elTcciivelv in the high-titaniuni Kis,ilis that crvsialli/cd 
abundant, dense iroii-tilaimim oxide However, bi'lh textural evideiicv and low 
prc*ssure cvHvImg ex|Nrriiiients clearlv demonstrate that the prc*sence of .ibund.ini 
pheniKTvsis cannot be an uiicxjuiviKal lest for a high degrev of ervsial seiilmg. \i 
least s*»me of the mare basalts arrived at the lunar surf.icv as liquids and justiliablv 
can be usevl for high (nessure ex|vriments iCirove et al l'>73. 1 oiighi et al l‘)74l 
High-tiianium bas;ilis are multipiv s,iiuralc\t. or nearlv stv, with olivine ♦ cliiuv 
pvroxene ‘ ilmenite • spHiiel at pressures corresiviiding to lilt) 150 km tKingwiNHl 
& I'ssene l*)70. 1.onghi et al l*)74). S»*me experimentalists (I ought et al l*>74i accv|vt 
this as the depth range in which mare bas.ilts arc produevd Others (KmgwiNvd \ 
I'ssene 1470) argue that heat How considerations require the /one of p.irtial 
melting to be deeper |20t) 400 km), which accxvrding to experimental data vvouki 
indicate a mantle dominated bv low-calcium pvroxene tpvroxenitel 
In contrast, experimental data for low-titanium. picritic bas.ilt. carefiillv seUvic'd 
for Its primitive nature tl'irove el al 1473k mdii'ate a sjvurce mineralogicallv unlike 
the s»>urcc vvf high-tilanium bavilts. lx tended liquidus crvstalli/ation of olivine 
al low pressure and low -calcium pvroxene at higher pressure is unlike the mullipiv 
viiur.iied liquidi noted above 

I he .Vonrivs of Mitre Hiisdll\ 

'Xssiiming that s»vme mare b.is,ilis are primitive c'lioiigh to render high piessure 
ex[x‘riments relevant, there are two nuHiel-dependent wurces fivr mare b.is.ili\ 
According t>» the first nuHlel. ni.ire Kivills were I'riHlusVil bv |\irli.il melting of a 
pvroxenitic mantle at depths beiwec'ii 200 400 km. determined bv the thiciuaimg 
position of the melting /one with lime iWinhI 1472. lokMV/ 1474) In this model 
iKingwtHvd \ I sseiie |47ii, lireen et al |47ll the source's of the high-tii.iimini and 
low-iiianiuni bavilis are verv similar and do not require the prev: • of siibsianti.il 

ilmeniie I’riHluclion of the I II. elenieni abundance's aiiel the ubiquite'us eure'pmm 
anomalv require disequilibrium melting but do not require the |vre'seiiev e>f pl.igio- 
clase. In the seci*nd niivdel. mare bavills were prixlucexl at le'ss than 150 km depth 
bv p.irlial melting of cumul.iles coniammg subsi.mii.il I'vroxene. iliiieiiite, and 
olivine Meat senirces to remell such a refracloiv assemblage have not bevn 
s.iiisf,iclevrilv leKatext The' cumulate's are the product I'f an e'.irlv lunar ditYe're'iitialion 
and have a negative l ii .monialv. which is then inheriieM bv the mare melts Hv this 
scheme the U'w-iiianium aiul high-liianium Kivilts cannevi have the s;inie s»nirce 
ilmc'iiite plavs an e'sscniial p,irl in generating high-litanmm melts 
Other conclusions that are not nuvdel-de'lernime'd can K' drawn The mare sevurev 
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Mils dcpIctiHt in voliitilc (race elemoniN h> (mo orders of magniiude over ehondritie 
ahiindanees (l iguie '*V Kadioinelrie eonsidcrations indicalc this m:is a primitive 
feature developevi at '4,6 AT. Mhieh eorresponds to the M»Hm's inception as a 
planet The mare sources a:>' also depletcxi in siiierophile and chalcophile elements, 
some of Mhieh are also volatile, suggesting earlv removal in metal and sulfvliide 
phases, l or reavinahle degrevs of p;irtial melting (I I0"„) the s»mrce Mould be 
enriche\l 5 10 times over ehondritie abundances in refractory I II elements, perhaps 
retkvting an earlier perunl of enrichment during mantle formation l or a cumulate 
source, the I II elements may have residc'd in mtercunnilus material. 


With feM eux-ptioiis siimplcs collcctevl from the luiiiir terr;i have clastic and or 
metamorphic textures. I'hese textures are believed to be a conscuuence of intense 
meteorite bombardment. Minch fragmentcil, sluK'kevl. annealevi, |Viirtially inelteil and 
recrvstalli/evl the terra riK'ks. During this process, pristine, igneous textures Mere 
nuHlilied extensively, sometimes up to the jvoint of obliteration In this sense, the 
terra nveks contrast vividly Mith the mare basiilts. mIiicIi still retain pristine igneous 
textures and mineral assemblages ( )ur hmiietl knoMledge of physical and chemical 
changes attendani ii|xni meteorite ini|vact has Ic'd to a reneMed interest in terrestrial 


Chondrites 


.Carbonaceous Ch. 


Eucriles 


MOON 


h^iir,- V K conceiilriiluins iu<riiiah/ed in a coiisiam Si concentration of IS S, ;md K I 
ratios for lunar, nicicvrilic. and tcrrcsiiial samples R.iiigc of values foi niaie basalts sIiomii 
as solid areas, other areas arc mare soils and breccias, exeepi for the shaded .irea tCMI.fl 
Sjiceilie rock IV|X's idcnlilicrl aiiiongsl lerrcslrial rinks arc oee.inie lliolenie (Inaiiglel. 
eonlinenl.il iholetiles |si|uarel. aiidesiie |o|vn eirelel. and gianite (lilled eiiele) Modilicil 
after (last tld72) 

Note that the Iom K II of the Mixiii is not eharaelcrislic of all nicleoriles: ordinarv 
and enslatilc chondrites have signllieanilv higher ratios 
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I UNAR mn ks 


imruict irralcrN (l hao l*)74. t irtcxc el al 14741 lit iho lu»iv ihal such sUkIIc'. may have 
applicalion lo terra breccias 

Rare, but iuMiethelessim|xntant.coarse-grametl riK'ksiKcur m terra assemblages 
Ihose show no exulence for extcnsixc mete»»ritic reworking ami are thought to 
represent ileepei ixirts of the lunar crust that were .Kxasionalh cvcavatcvl iluring 
ixirticularly intense bsnnbanlment In the next section these rixks are iliss.usseil 
se|\iratel> Irom the |x.*tr»K’hemistry of terra breccias Sixicv cxMisiilerations revpiiie 
us to deal curwirilx with the terra siiils that lorm a thick xeneer oxer the terra 
bexIriKk f igure It) indicates the |xhysuKhemical prinresses o|XTatmg to prinluce 
and nunlifx lunar sxxils. 


/frctvin.x iiihl Soils 

Petrographic and chemical data indicate that im|\ict max crush, slux-k. ix;irtlx or 
wholly lemelt. ivirtlx xolatili/e. and metamorphose beilrock A minimal elfect would 
be mild thermal mduiation of diviggregaievi material, eg regoliih to (xroduce a 
rather triable “rock." commonix callcxl a regolith or s*xil breivia At the other 
extreme, total melting max haxe tKCuirevI stx that the rmk acipiirexl a completely 
new texture 

I wo research lields haxe dexelojx'd in breccia siudii*s I irstlx. there are studies 
toward understanding the prixess of brecciation and how breccias exolxe at or near 
the lunar surface In these cases |x.irticular emphasis is placeil u|xni matrix textures 
Secondly, there aie studies using brevvias as carriers ol prexious lithologies; 
ivirticular emphasis is placerl u|xm xiiric. crxstalline. and lithic clasts within the 
breccias, 

Breccias are commonix the product ol manx im|xict exenis and arc |xxlxmict 
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breccias dominate the stratigraphy of the Apennine Kroni (Phinney et al l*)72( and 
alst> have a has;diic composition, but only have ab»>ut one third of the Lll. 
elements of KRPIP basalt. 

The most feldsp;ithic terra breccias »Kcur in the C’aylcy-IX*scartes highlands, 
including calacla.stic anorthosites and light-matrix breccias, chemically equivalent 


ORIGINAL PAGE IS 
OF POOR QU/VUTV 


yifiuri’ II KjO-AljOi plot for terra breccias from .Apollo 14. 16. and 17. AljOj is a 
rclicclioii of the fcldspalhic comprment and KjO of the KRI-H’ component (Simonds 
ct al l'>74). Apollo 14: high (h). medium |ml. and low |/( grade breccias and basalts (M; 
data from Hubbard et al (147;). I aul el al (147;i. Rose el al (147;). laylor el al (147;), 
W illis el al (I47;i. Apollo Ih: mesosta.sis-rich breccias and basalts (open circles), poikililic 
breevias (tilled circles), hghl-matrix breccias Killed squares), calaclaslic anorthosite (tilled 
irianglc-s); data from Ihincan cl al (1473). Hubbard cl al (1473), l.aul & Schmitt (1473). 
Rose el al (1473). Apollo 17: subophilic breccias (open triangles), others as above; data 
from Simonds ct al (1474). Breccia descriptions usuallv refer to matrix texture. 

Note: (<i) the overwhelming frequency of KRI I 1* brevcias al the Apvillo 14 site, (6) a 
distinct division belwcxn poikililic and nic.soslasis-rich brevcias al the .Apollo 16 site and 
abundant, highly aluminous (>30"„ AIjO,) breccias, and (d general lack of KRI t P- 
likc breccias al the Apollo 17 site and dilTcrent compositions for poikililic rivks compared 
to the Apollo 16 riK'ks. 
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and thallium. Thc> alsti contain low Ul. element cvncentrations except for enrich- 
ment in Fu giving a characteristic rare earth pattern (Figure 14). 

TriHitolites and spinel triKtolites iKcur as lithic fragments in soils at most terra 
sites and as larger siimples at the .Apollo 16 and 17 sites. They are principiilly 
com|x>sed of olivine with plagiiK'lase. spinel, minor pyroxene, and metallic iron 
(Frin/ et al l')7.^b. CunMey et al 1474). Ihose with olixine and pink spinel have / 
intercumulus plagiiK'lase and have w ell-delined cumulate textures (Prin/ et al I47.^b). 

On the basis of mineralogy and texture, simie triKtolites arc considered to be parts 
of deep crustal cumulates ((iiHtlcy el al 1474). although this remains contentious / 
(AIbce el al 1475). The I II. trace element composition of this group is not well 
delincd. being largely cxmtrolled by the volume of inicrcumulus mesostasis present 
(Drake el al 1474k Where the groundmass is negligible, the riKks have low absivlule 
Lll. abundances and positive F'u anomalic“s (Figure 14). but with increasing meso- ■*’ > 
stasis the absivluie abundances increase and negative Fu anomalies appear * 

Norites have been observed as lithic fragments and preferred groups in terra 
impact glasses, but rarely as large riKks. Metamorphic textures predontinale. These 
rocks are principally composed of calcic plagiiK'lase and orthopyroxene with minor 
clinopyroxene and olivine. W ith increasing plagiiK'lase content they grade into 
anorthositic norites and noritic anorthosites. .Although large rocks with these latter 
compi'sitions have been found at the Apollo 15. 16. and 17 sites, their textures 
have been extremely perturbated by impact priKesses. 

Petro^eni’sis of Terra Rocks 

Numerous schemes have been evolved to acx'ount for the mineralogy and chemistry 
of terra samples within a framework of lunar crust and mantle evolution (W'ihhI 
et al 1470, Smith et al 1470. Taylor & Jakes 1474. Taylor & Bence 1475). Although 
these nuvdels have become more sophisticated as more data has accumulated, the 
basic mechanism for crust-mantle evolution remains the operation of extremely 
ellicient crystal fractionation within a minm-wide silicate melt. This was first pnv 
posed following the .Apollo 1 1 mission (Smith et al 1470). 

In a gross sense the formation of the lunar crust and mantle as complementary ' , 
cumulates is suggested by (u) the inferred negative Fu anomaly for the lunar upper 
mantle (Nava & Philpotts I47.J) and positive Fu anomaly for the terra crust 
(Taylor et al 147.5); (6) the high Fc Mg ratio of the mare basalts (deriveii from 
the upper mantle) compared to the low Fe Mg ratio of terra riK'ks; (< ) the high 
density of upper mantle minerals (olivine, orthopyroxene, clinopy roxene. ilmenite) 
compared to plagiiK'lase that dominates the crust; and (J) the terra riK'ks and 
mare basiilts that lie on opposite sides of the meteoritic Ca Al line. 

In detail, however, it is evident that the terra riK'ks. (xirticularly the cumulate * 
riK'k.s, represent several stages in the evolution of the crust. Those with magnesian 
ferromagnesian minerals may be related to early crustal formation w hen plagiiK'lase 
was separating with ferromagnesian minerals having a high Mg Fe ratio. The 
implication here would be that the initial ferromagnesian minerals that largely sank 
should have priKluccil an upper mantle whose dtvp regions had a high Mg Fe ratio. 
However the extreme range observed in Fe Mg ratios of olivines and pyroxenes 
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in terra cuinuluto strongly suggests some cumulates dexeloped from highly frac- 
tionated silicate melts. Separation of early magnesian olivine and orthopyroxene 
from the primitive melted outer shell would result in residual melts with increasing 
Ec Mg ratii> (Taylor & Jakes l*)74l but would also correspond to a drastic decrease 
in the amount of plagiiK'lase precipitating and accumulating. It seems most 
unlikely that the more iron-rich cumulate members of the anc>rthosite-norite- 
triK'tolite suite could form by this priKcss. 

Once the crust had developed, the meteorite tlux would still be very substantial, 
producing very extensive areas in which crustal remelting iKcurrtxl. .Sv>me of the 
presently observed crustal cumulates may have developed in these "secondary'* 
magma systems, basically unrelated to the development of the protiKrust. Such 
magma.s. if in equilibrium with plagiiKlase would have large negative Eu anomalies 
(Haskin et al l*)70) and may account for the presence of terra riKks with large 
Eu depletions relative to trivalent KEE. It is also clear that the source of KREEP 
magnus need not contain substantial plagiiKlase ( < I0''„l (Weill et al l*)74) and may 
represent partial melting of olivine and orthopyroxcnc cumulatev with minor 
plagiiKlase near the base of the lunar crust. 


Lunar petrology is a very large and complex subject, involving many interrelated 
disciplines. We have probably accumulated more petrologic information on lunar 
riKks than any one type of terrestrial riKk. and certainly more disciplines have 
been brought to bear on lunar riKks. One might surmise that similar broad-based 
approaches to terrestrial petrologic problems might lead to the surprising conclusion 
that terrestrial ignevus and melamorphic riKks are much more complex than we 
presently consider them to be. In the lunar ca.se. the broad brush scenario of lunar 
evolution has been constructed. The addt*d problem of dealing with meteorite 
bombardment and the huge physiciKhemical perturbations this causes to riKks has 
insured that no physiciKhemical evolutionary scheme, satisfying in detail, has yet 
been pul together. It remains a challenging intcllcvtual exercise. 


Mary-i.inda Adams and Michael I’erlit painstakingly checkeil the manuscript and 
bibliography and substantially improved the final version. The work was carried 
out under NAS.A grant NtiR-.A.t-0()8-PN. l.amoni-IYivhcriy Cieological Observatory 
contribution number 22.47. 
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Abstract — Aluminous mare basalts have been found at several lunar sites, although they are no 
abundant. A group of crystalline clasts in breccia I40f>3 are also aluminous mare basalts with highe. 
TiO,, Na,0. Mg/Fe ratio and lower FeO than other aluminous mare basalts. Composition of ilmenitc 
clinopyroxene, and plagioclase confirm that crystallization took place from a melt with high TiO, and 
Mg/Fe A review of ages and siderophile trace^element abundances for aluminous mare basalts, suggests 
they are not hybrid rocks produced by melting of a mare -t- terra rock mix, but are pristine igneous melts 
from the lunar interior. Consideration of rare-earth element abundances indicate the source for 
aluminous mare basalts is pyroxenitic, with variable clinopyroxene/orthopyroxene ratio, and is not 
significantly different from the source(s) of normal mare basalts. 


Introduction 

Thf. DiscovFRY of marc basalt clasts in Apollo 14 breccias (LSPET, 1971) raised 
the possibility that such basalts may have erupted on the lunar surface prior to 
3.9 b.y. The largest clast 14053, an aluminous basalt distinctly different from the 
common low-alumina mare basalts, has been dated at 3.94 b.y. (Wasserburg et al., 
1972). Accepting the possibility that this sample is a melted aggregate of mare and 
terra material, the implication remains that mare volcanism began prior to 4 b.y. 
(Huneke et al., 1972a,b). Similar arguments apply to the aluminous mare basalts in 
14321 which have been dated at 3.95-4.05 b.y. (Mark et al., 1973). 

Complicating the picture are mare clasts with ages of 3. 4-3. 5 b.y. which 
suggest that there was substantial reworking of Fra Mauro breccias after their 
excavation at the onset of the Imbrian period. Such reworking might be reflected 
in a “third event" (Eratosthenian cratering?) postulated from Pb isotope data 
(Tatsumoto et al., 1972). Impact ejection of basalt from any of the near mare to the 
Fra Mauro site probably required greater penetration than for the large samples 
collected from the mare surfaces. Hence the possibility is raised that mare basalt 
clasts in terra breccias represent deeper stratigraphic levels than samples col- 
lected upon the mare surfaces. In the absence of radiometric age determinations 
such clasts may reflect either pre-lmbrian period volcanism. or post-lmbrian 
rewor ng of the regolith. 

In the broadest sense, two major-basalt “series" have been recognized from 
the mare basins: a series of titaniferous basalts (9-13% TiO:; ~9% Al:0,) 
representing the earliest eruptions in Mare Tranquillitatis and Serenitatis; and a 
series of low-titanium basalts (1.5-3% TiO-: ~9% Al:0») from Oceanus Procel- 
larum and Palus Putredinus. However, rare-aluminous mare basalts have been 
described as clasts in terra breccias (14053, 14072, 14321), in some mare breccias 
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(O’Hara el al., \974). and from Marc Fecunditatis soil. Rcid and Jakes (1974) 
initially drew attention to these anomalous basalt compositions ( Fable 1). which 
also form preferred compositions in glasses from mare soils. Doubt remains, 
however, that many of these aluminous compositions do not reflect pnstine mare 
basalt because of the unconfirmed supposition that mixing of aluminous highland 
material with common mare basalt, accompanied by impact melting, would 
produce hybrid rocks of aluminous mare basalt composition. However, aluminous 
basalt fragments from l.una 16 soil have generally been accepted as pristine basa 
from Mare Fecunditatis. and there seems no a prion reason to assume all 

aluminous basalts are hybrid rocks. u i 

In the present paper a small suite of aluminous mare clasts are described from 

1406^. a white medium-grade breccia collected on the rim of Cone Crater. 
Schonfeld and Meyer (197.t) consider this and other white breccias to have 
originated from the deepest stratigraphic level within Cone Crater, and 
ejecta from the Imbrium Basin. The clasts have a uniform texture defined by lathy 
to aciculate plagiiKlase. lathy and anhedral ilmenite. intergranular pyroxene and 
rate pale-brown mesostasis glass (Fig. 1). The texture suggests rapid cooling from 
a silicate melt in which plagicKlasc and ilmenite nucleated prio. to pyroxene 
crystallization. Analyses have been made of major mineral phases, together with 
some ion microprobe data collected for trace elements in plaguKlases 
son is made with similar data collected from other plaguKlases in 1406.V Ihe 
overall petrologic information suggests the existence of an aluminous mare basalt 
melt unlike those previously described. Mixing models suggest such a melt was 
not a hybrid combination of terra and mare rocks. 


Tabic 1. Major-elcmcnl chemislry of aluminous marc basalts. 
1 s j 4 5 b 7 


SiO, 

4?.1 

4?.2 

TiO, 

7.? 

2..?7 

Cr..O, 

0.2 

().?1 

Al,(?. 

14.4 

11.1 

MnO 



FeO 

10.7 

17.8 

MgO 

b,7 

12.2 

CaO 

11? 

1.84 

Na.O 

1.0 

().?2 

K.O 

0.1 

0.08 


4b? 

4b.82 

4?.?0 

2.71 

2.?? 

4()4 

().?7 

0.?2 


1?.7 

1?.81 

1?.1? 


0.2b 

0.2b 

17.0 

1.?.12 

17.77 

8.?4 

b..?0 

?.1? 

11.2 

ll..?7 

11.1b 

0.44 

0.80 

O.b? 

0.11 

0.2? 

0.21 


4?.80 

40.2 

4?.7 

4.10 

7.2 

?.? 

0.28 

l?.b? 

1?.2 

1?.2 

0.20 

11.?? 

lb? 

lb? 

7.0? 

8.? 

1.1 

10.40 

12.0 

11.1 

0.?8 

().? 

0.2 

0.1? 

0,10 

O.lb 


(1) Average composilion of basaltic clasts in 1406.t. broad beam analysis. 
(21 XRF analysis of 14072. Hubbard el til. (W2). 

(?) XRK analysis of 140?.?. Hubbard el al. (I')72). 

(4) Average 7 vitrophyric and variolitic clasts, I4?21. Cirievc el <i/. (l‘>75). 
(?) Basalt fragment in t una lb soil. AIbce el al. (I'»72). 

(b) l.una tb basalt. Vinogradov el ul. (Wl). 

(7), (8). Preferred glass composilions in Ap»>llo 11. and 12 soils, respec- 


tively. Reid el al. (11721 
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On high-ulumina mare basalts 


Fig. I . Aluminous marc clasts in breccia 1406.1. Note the asicular form of plagiiKlase and 
ilmenite. Mutually intergrown crystals suggest plagiiK-lase and ilmenite may have 
nucleated prior to pyroxene. 
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Broad beam analyses of these i • 

untrue major-elemen, chemistry dis, net; 1 . indicates their 

ous mare basalts. However, the bulk chlm! I fow-alumina and alumin- 

early crystallization of plague and t-i '" " «"^^^ved 

hoth TiO, and AI.O., Other nmtltflT ""'’iched in 

content and low-FeO concentration coCareVto Z Na.O 

Basalts. compared to the common iron-rich mare 

from a melt enricherL^TlfttltTn^^^^^^^ crystallization 

‘ ^enue contains a maximum t 7 2 "to fx 

•Imenite-geikielite solid solution wh.r ^ “>• on 

-Y%MgO. High-Mg ilmenites are^ot commot't*' about 

although some have been reported tFI r '^"^■''•anium mare basalts 

Ubiquitous in titaniferous mte btSs wh'f ^’«--er 

armalcohte-liquid reaction (Haggerty iq?'^) m «f an 

may contain an excess of titanium (^^.ggerty -banner 

Mg-rich ilmenites here. Such an excess U n f‘>r the larger. 

Experimental studies suggest, however thT '^'aded ilmenites. 

for ~30T below its liquidus temperature tr crystallizes stably only 

rates, such as texturally mf^r^eTfor fheTe" H ^ 

armaicolite would not occur (UsselmaLru/ ?97s;i'^,'*’ complete reaction of 

have A, 

Table 2. Microprobe analyses of oxide phases in I4%3 
basalts. 


TiO, 

ALO, 

Cr,0. 

FeO 

MnO 

MgO 

-“ibis 

0.0« 

0..S6 

3.5.46 

0.34 

7.17 

.56.37 

0.10 

0,47 

35.94 

0..39 

6.99 

54.44 

0.14 

0..59 

38.25 

0.38 

5.65 

Total 

99.79 

100.26 

99.45 

Structural formulae 

Ti 

Al 

Cr 

Fe 

Mn 

Mg 

(12 oxygens) 

4.02 
0.01 
0.04 
2.82 
0.03 

1.02 

4.03 

0.01 

0.04 

2.85 

0.03 

0.99 

3.98 

0.02 

0.05 

3.11 

0.03 

0.82 


(I) .(2). Larger, anhedral ilmenites. 

(J) . Acicular ilmenite. 




On high-alumina mare haHall!i 


from the hulk composition, without prior crystulli/ution of armalcolitc. Imteed 
I'sselman el al. indicate that titaniferous, aluminous marc basalts do not 

crystallize armalcolitc prior to ilmenitc. Hence the Mg-ilmenites probably 
crystallized in response to the high-Mg/l'c ratio of the basaltic melt. 

I'hc initial pyroxene to crystallize was a calcic pigeonite (Table 3, Fig. 2). I'he 
calcium-poor composition probably resulted from a competition for calcium 
between pyroxene and plagiiKlase. Most Al/Ti ratios in core pigeonite have 
•M/Ti«>2: 1, suggesting coprccipitation of early pigeonite and plagiiK'lase (Renee 
and Papike, 1972). although this ratio appears to be sensitive to the physical 
proximity of plagioclase and pigeonite during crystallization, i.e. liKal variations 
in chemical gradients within the melt. Core pigeonite contains a maximum of 
I'T Cr.'O). Occasional analyses suggest the presence of very minor Al'^' at an early 
stage in the crystallizativ>n history, followed by a rapid change to Al/Ti <2: 1 
reflecting the presence of either or both K’*Ti**Si.\IO» and R’*Cr’*Si:0^ compo- 
nents. 

Pyroxene crystallization progressed from calcic pigeonite to augite and Anally 


Tabic .t. Microprohe analyses of pyroxenes in l•«Vl.t basalts. 
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*)8,bb 
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Structural formulae (6 oxygens) 





Si 

l.7b‘» 

l.85h 

1 845 

l.8bV 

1,825 

1 84b 

I.Vtts 

Ti 

O.llb 

0,1(N 

0.1 1» 

0.070 

0l)8b 

0 081 

0(X>V 

Al 

0.2.51 

O.lr* 

0.157 

0,155 

O.MI 

0.lb5 

0t)V2 

Cr 

0.051 
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Fe/Mg 
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1.4V 
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0.tX)2 

— 
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(1M4). Core to rim of single crystal. 
(5M7). C»we to rim of single crystal. 





Fig. 2. (a) Ti-Al relations in mare pyroxenes from 1406.1. Core pyroxenes have high-Ti. 
Al contents close to the Al/Ti = 2:1 line but most grains have Al/Ti <2:1. Bars represent 
removal of an RCrSiAIO^ component, (b) Variations in Al/Si ratio of pyroxenes with 
increasing Fe/Mg ratio. Lines represent trends in individual grains. Note the initial sharp 
drop in Al/Si ratio, similar to that observed in Apollo 1 1 basalts, and other mare basalts 
with high-Ti/AI bulk ratios. 


ferro-augite (Fig. 2). The overall compositional variation is much less than 
observed in most mare basalts, but compatible with fast cooling. The most notable 
feature of the pyroxenes is >he high content of Ti. Al (Table 3). comparable to 
values observed in titaniferous basalts, but much higher than found in titanium- 
poor mare basalts. They differ however, from titaniferous basalt pyroxenes in the 
rapid deviation of Al/Ti ratios to below 2:1, suggesting rather more reducing 
crystallization conditions (Bence and Papike, 1972). 
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Table 4. AnalyscN of plagioclasc in 14063 basalts. 


FeO/FeO 














.Major-element analysis by electron microprobe. Trace-element analysis by ion microprobe using technique outlined in .Meyer el al (1974) 
Values used for l ake County standard plagUKlase are: l.i 4. 1 ppm. Sr .382 ppm. Ba 63 ppm. Ti 2.30 ppm. Na.O values with trace elements are ion 
probe data. 


SiO, 

47.93 

47.83 

A 1.0, 

.33.13 

32.9t) 

Fe<) 

0.33 

0.40 

MgO 

0.38 

0.3.3 

CaO 

16.66 

13.96 

Na..O 

1.79 

1.77 

KT) 

0.18 
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49.11 

48.90 

31.17 

l.i 

31.79 

.32.29 

30.14 

Ba 

0.43 

0.3.3 

0.37 

Sr 

0.43 

0.33 

0.26 

Ti 

13.27 

14.88 

14.08 

Na.TK? 

2..38 

2.39 

2.97 


0.16 

0.32 

0..36 



AnC? 


32 

1.39 

228 

474 

1.98 


.36 

40 

68 


31 

120 

168 

179 

187 

4.37 

280 

274 

420 

437 

503 

.373 

320 

682 

726 

4.33 

2.24 

2.36 

2.76 

2.92 
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Ion microprobe data for Li. Mg. Ti. Ba. and Sr have also been obtained for 
plagioclase from these mare fragments as shown in Table 4. The acicular 
plagiiKlases provide analytical difficulties with a 20-/i diameter ion beam, and 
some of the high Li values ( >40 ppm) measured correspond to areas that may 
have included some Mg-pyroxene. Only those analyses unequivocally from 
plagKKiases are reported here. Meyer et ai (1974) have reported ion probe data, 
using the same instrument, for these trace elements in terra and mare plagiiKlases. 
and recognize several plagioclase groupings. In the present study. plagiiKlases 
were also analyzed from a number of teira clasts, their trace-element abundances 
falling within the general groupings erected by Meyer et at. ( 1974). Details of these 
studies will be reported elsewhere, but it is noteworthy that there is a consistency in 
loi. probe data between different groups of analysts. Data for the mare plagioclases 
and terra plagioclases are shown in Figs. 3a and 3b. Ba and Sr contents arc 
comparable with other mare plagioclase, whereas Li and some Mg values are higher 
(Fig. 3a), even outside the range found for KREEP basalts. 


Ai.uminol'.s Marf. Basalts as Hybrids 

The thoroughly documented lunar process of mixing and remelting may be 
responsible for the aluminous nature of some mare-like basalts if aluminous terra 
rocks became mixed with mare basalt and remelted. Indeed the presence of a 
component of terra material in all mare soil testifies to the authenticity of the 
mixing process. Since mixing on the lunar surface is achieved by multiple 
meteorite bombardment, the identification of hybrid rocks priMluced by this 
process, usually relies upon anomalously high siderophile-element concentra- 
tions. The most striking example of this procedure. 14310, shows siderophile- 
element concentrations equivalent to lunar soils (Morgan et u/., 1972). and is 
generally accepted as an impact melt. It would, therefore, seem useful to examine 
some siderophile-element concentrations in aluminous mare basalts. Ir, Re, Au 
and Ni concentrations in /40.L3 are similar to those found in mare basalts from 
Apollo 1 1, 12. and 15 but more than an order of magnitude less abundant than in 
lunar soils. Consistent data ire less easily obtained for 12038 (Morgan et al., 1972; 
Baedecker et al., 1972). but generally the level of siderophile-element concentra- 
tion is higher than for Oceanus Procellarum mare basalts. Although the lunar soils 
are greatly enriched in siderophiles relative to 12038. there remains some reason 
to suspect that this sample is slightly contaminated with a meteoritic component 
and may be hybrid. No precise measurements of siderophile elements have been 
published for aluminous basalts from Luna 16. Papanastassiou and and Wasser- 
burg (1972) have carried out Rb-Sr systematics for one Luna 16 aluminous basalt 
(Albee et al.. 1972). the Rb/Sr ratio being about half that found in the soil. Unless 
significant Rb loss has iKcurred. this basalt cannot represent remelted l.una 16 
soil. 

Aluminous mare basalts are abundant in breccia I4.t2l (Duncan et al., 1975) 
and one example has been analyzed by Morgan et al. (1975) who note the 


I 






uniformly low concentralions of siderophile elements, very similar to those found 
in I40>3 and common mare basalts. 

Although some aluminous mare basalts have major-element comm.sitions 
similar to mare soils e g. 1405 is similar to a typical Apollo 12 soil, the measured 
ages appear incompatible with simple regolith melting. The alternative would be to 

postulate, in some cases, that well-mixed mare soils had already developed at 
"-4 b.y. ' 

Apart from the marginal case of 1 20,^8. other aluminous mare basalts that have 
been suitably studied, encourage the conclusion that they are not polymict mixtures 
that have been remelted into hybrids. The clasts in 14065 cannot easily be nunleled 
by any reasonable mixing of mare and highland material, in particular it is difficult 
to generate low- heO values without increasing Al-O, abtive the observed level 
and also difficult to generate the relatively high-Na^O value. The latter might be' 

priHluced if an aluminous mare melt equilibrated with a residue containing 
plagKK'lase. 


107V. reported for 14072 (Taylor it al.. 

? ; is; ‘ f *■' ‘ <«’hilpotts 

, . - '*^72; Duncan vi 

at.. 1^75). All these basalts are characterized by negative Eu anomalies, the most 
extensive being for 14.521 basalts, and least for 14072. Enrichment factors for 
REE vary from ,M>-60 over chondritic abundances, and most samples show a 
slight fractionation of light over heavy rare earths. Rb/Sr ratios are low the 
highest ratio being .048 for a 14521 basalt clast. Rb/Sr and Zr/Hf ratios are w ithin 
the range shown for mare basalts. 

The hthophile trace-element abundances are frequentiv useful indicators of 
petrogenetic priKesses in lunar and terrestrial basalts, particularly in evaluating 
he chemistry of the source regions for basalts. Some constraints can be placed on 
the source region for mare basalts based upon rare-earth abundances, using the 
approach and data base of Weill i-l al. (1974). In past discussions it has generally 
been assumed that plagUKlase plays an essential role in the formation of 
aluminous mare basalts (Philpotts ct al.. 1972; Reid and JakeS. 1974). in particular 
hat they may represent partial melt products from a plagivKiase-bearing source 
kKated between a pyroxenitic mantle and anorthositic crust (Jake^ et al \9T>- 
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Fig. 4. Evaluation of the mineralogy of solid residues, assumed to be some combination 
of olivine + orthopyroxene clinopyroxene + plagiiKlase. in equilibrium with various 
aluminous mare basalts. The equilibrium melting equation used is C/Co » 
[F + D( I + F)| ■ as discussed by Weill el al. ( 1974). and is evaluated for Sm and Eu. The 
condition of incipient melting (F - 0) is assumed, although small degrees of melting do 
not drastically change the plotted points. The grid in the right triangle represents D 
(average distribution coefficient) for Eu (solid lines) and .Sm (dashed lines), based upsm 
the experimentally determined coefficients listed in Weill et a/. (1974). Residual mineral- 
ogy IS evaluated for various abundances of Sm. Eu in the residues e.g. 5/5 denoted 5 x 
chondritic abundances of Sm. Eu in the residue. The range of solidus assemblages in 
equilibrium with Apollo 1 1 and 12 mare basalts are shown on the right triangle, by 
assuming a source with a defined negative Eu anomaly. SM represents the composition 
of the source of mare basalts deduced by Taylor et al. 1 1974). 


anomalies, and a source for mare basalts deduced by Taylor and JakeS (1974). A 
number of interesting conclusions may be drawn from these data. In all cases, 
sources with significant positive Eu anomalies must equilibrate partial melts with 
about or more plagitKiase in order to develop negative Eu anomalies. In the 
case of 14072 the source had a maximum of about lOx chondritic abundances but 
would be composed almost entirely of clinopyroxene. More reasonable 
mineralogies are associated with lower initial abundances, involving cpx + opx + 
olivine ± minor plagioclase. 

In all cases, the rare-earth abundances in aluminous mare basalts can be 
derived from sources not involving plagioclase if the source already has a minor 
Eu anomaly e.g. 14072. 14.^21, Luna 16. or from unfractionated source regions 
containing < im. and frequently <5% plagioclase. The mineralogy of the source 
region may also be changed dramatically by varying the elemental abundances, 
and in general derivation from lithophile-element enriched sources requires 
equilibration with progressively larger amounts of clinopyroxene and olacioclase 
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Alternately, aluminous mare basalts may be residual liquids following fractiiv 
nation of a more primitive mare basalt magma. F.xperimental evidence suggests 
that 120.^8 (Biggar et al„ 1971). 14072 (Walker et al„ 1972) and aluminous clasts in 
Apollo II breccias (O'Hara. 1974) are all cotectic liquids. In these cases the 
high-alumina content may result from extraction of low-alumina ferromagnesian 
phases, e.g. olivine, from a more normal mare basalt liquid. During this privess. 
lithophile truce elements may be slightly enriched but the relative abundances 
hardly etfected. 


CONI I I'SIONS 


(1) The spectrum of aluminous mure basalts shows that most are low-iiiania 
types that are most similar to .Apollo 12 and 1.^ basiilts in terms of major-element 
abundances. However, pieferred compissitions amongst glass data, together with 
an enigmatic number of holiKrystalline clasts in breccia I40b.^, suggest that 
aluminous mure basalts cun have high-titaniu contents. 

(2) Fxamination of siderophile-element concentrations shows that most 
aluminous mare basalts are not contaminated with a meteorite compi>nent and 
cannot be considered well-mixed hybrid nvks. Ihey are pristine melts from the 
lunar interior. 

(.^) Sm and F.u abundances may be utilized to evaluate possible source regions 
for these aluminous basalts. Ultrumufic sources involving prin«.ipally olivine » 
orthopyroxene and variable amounts of clinopyroxene are indicated. Small 
amounts of plagitvlase may also be tolerated, depending upon assumptions 
regarding Eu distributions. However, more than 10 -I.^'t plagiivlase requires that 
the source have a marked positive Fu anomaly. 

(4) In terms of lithophile trace elements, the sources for aluminous mare 
basalts are similar to the common mare basalts, and probably represent ultramafic 
upper mantle material. 

(.^) Silica activity, amount of ilmenite. and redox conditions, in the source may 
be important parameters in determining the alumina contents of mare basalts. 

(6) The relative abundances of dilTercnt riKk groups relumed from the nuK>n 
can hardly be used to evaluate their imp'.'tiance in lunar evolution. The almost 
total lack of a third dimension in sampling effectively insures the verity of this 
statement. Terrestiial experience also tells us that the terminal stiiges of igneous 
activity frequently grossly misrepresent, in a chemical sense, the major stages of 
activity. Can this also be so in the mare basins where we have sampled only the 
surface veneer? .As long as such a suspicion remains, the search for and study of 
chemically distinctive mare basalts remains fully warranted. 


—Discussions with N. Esensen. R, Williams, and Mars l.inda Adi«ms were 
pnsfituhle. The manuscnpl benehted from reviews hy J. J I'apise and an unknown referee. This wisrk 
was supported hy N.ASA under contract NGR-.'.t-tXW-l'W l.ams'nt-IXsherts liesskigical Observatory 
contributksn number 22.A.V. 
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.Abstract. Spinels are commonly observed in alkali olivine basalts and olivine 
basalts that form the "Plateau Magma Series” of the British Tertiary Pro- 
vince. The spinels are either partly or wholly enclosed within olivine or 
may have adhered to olivine surfaces, and have undergone cation exchange 
and reaction with the cooling basaltic melt. Detailed microprobe traverses 
indicate complex exchanges involving Fe-Mg. Cr — Al, Fe^' and 

Fe^*Ti — R^* substitutions. Some of these changes are due to a reaction 
with liquid that produced plagioclase and resulted in Al depletion in the 
spinel. A complex series of solid solutions between hercynite-magnesioferrite- 
chromite and Al-Cr-titomomagnetite, is indicated in a combination that 
precludes the disappearance of spinel by a simple peritetic reaction with 
the melt. The initial spinels are compositionally distinct from the chromites 
found in the Rhum layered series and underline the great compositional 
variability of liquidus spinels that can crystallise from basaltic liquid. Some 
of this variability may relate to the changing solubility of Cr. which behaves 
as a trace element, in basaltic liquids in response to slight changes in the 
structure of the melt. 


Introduction 

Phase relations in the pertinent parts of the systems CaO MgO- AljOj Si ()2 
and SiOj MgO CrjOy suggest that a spinel phase should crystallise at or 
near the liquidus in melts of basaltic composition. Basalts and basic layered 
intrusions commonly contain a few percent of spinel, but the disappearance 
of this phase as crystallisation proceeds indicates a reaction relationship may 
operate between spinel and liquid. Peritectic reactions involving spinel may 
be predicted from phase relations in the above synthetic systems and have 
been inferred from studies of layered intrusions (Irvine, 1967; Henderson. 1975). 
However, spinels in layered intrusions frequently show post-cumulus reactions 
that modify the initial spinel composition (Henderson and Suddaby, 1971 ; Hen- 
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j. I «-c. Textures of spinels in 
salt MI2 

Fragmented olivine phcnocryst 
lolly and partly enclosing zoned 
incis. Note some of the spinels 
ve broken out completely into the 
ttrix Scale bar is 300 microns 
Zoned spinels partly reacted with 
saltic melt. The aluminous spinel 
the cores are less reflective and 
ne outward to Al— Ti chromite, 
taction with the melt to produce 
igiiHtlase at the expense of spinel 
s) is represented by a "wormy" 
dure. Scale bar is l(N) microns 
Kxtensive reaction between spinel 
d melt to form a symplectic 
tergrowth of Al-poor spinel and 
agiiK’lase in an embayment within 
ivine. Similar textures develop 
thin discrete spinels totally 
movi.d from olivine, suggesting 
at olivine is not involved in the 
action. Note the rim of more 
ghiy rellective titanomagnetite. 
ale bar is 100 microns 
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Kij;. 2. Traverse across a 
phemK'rvsiic olivine 
conlaining spinel. Note ihe 
overall homogcneiiy with 
respect to Mg C'a ami 
strong zoning within a thin 
marginal zone 
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derson, 1975) and the large dilTcrenec in sinking vcliK'ity between spinel and 
I'erromagnesian minerals (Jackson. 1971) can lead to ambiguity regarding the 
crystallisation relationships between intimately assinriated spinels and silicate 
phases. Variations in the compositions of spinel within the Kluim layered series 
have been divumented by Henderson and Suddaby (1971). Henderson (1975) 
and Oonaldson (1975) in which two distinct trends were revognised. One trend 
involved a gradual increase in A1 C'r ratio at relatively constant l e'*. the 
other involved an enrichment in Fe ' ' at the expense of both .\1 and C'r. 1 lowev er. 
Oonaldson (1975) has observed the opposite trend to the latter. In the present 
study, spinels iK'curring in transitional olivine bas;ilts from the Islands ol' Rhum 
and Muck in the British Tertiary Province, have been studied in detail with 
regard to their overall chemical variability and relationship to silicate phases. 
The chemical variability in the spinels is related to the extent to which they 
have been exposed to the cooling basalt magma, hence it is possible to diKument 
the changes that take place during reaction of spinels with silicate liquid. 

series ol" cation substitutions takes place involving l e* ‘ Mg* ’ ; C'r .\1; 
Fe’* C'r. .\1; and Fe. Ti .\1. C'r. exchanges. I'hese substitutions are more 
complex and extensive^hao those observed in spinels from basic layered intru- 
sions. possibly due to the limit«l' proportion of intercumulus liquid in the 
latter, limited temperature range over which cumulus spinel was in contact 
with intercumulus liquid, or the major element bulTering elTect ol surrounding 
cumulus silicate phases. 


5 


IVtriK'heniistrv of /.oned Spinels in Basalts 

Spinels have been analysed in two basalts, an alkali olivine basalt (M12) from 
Muck and a transitional alkali olivine basalt (SR 157) from Rhum. In both 
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Sotei to Table I Ml 2 is an alkali olivine basalt (2% normative nepheline) from Isle of Muck. Inner Hebrides. Analyses I 8 represent a traverse across 
a spinel partly enclosed in olivine (analysis I) and partly reacted with melt (analysis 8(. Analyses 9 13 are a core to rim traverse of a spinel strongly 
reacted with melt. Analyses 14 18 are partly reacted spinel. Fe 203 values computed assuming stoichiometry, structural formulae on basis of 32 oxygens 
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aHU- 1. Seiccieit microprobc analyses of zoned spinels in SR 1 57 


Total canons 


samples some spinels arc enclosed by olivine v.hich prevented subsequent reac- 
tion between spinel and the silicate melt th'igure la). Microprobe traverses 
across olivines enclosing spinel (Figure indicate they are largely un/oned 
except lor thin marginal region where zoning is pronounced. The FeMg ratio 
ot the olivine also remains unalTected by the enclosing spinel. Probably spinel 
began to crystallise prior to eruption, closely lollowed by olivine which may 
have nucleated on the spinels, and grew in an isothermal environment prior 
to eruption. The zoneif margins' represent more rapid oliv ine growth lollowing 
eruption and cooling. The spinels enclosed within olivine do not appear to 
have undergone cation exchange with the olivine. However, turbulent flow lol- 
lovving eruption resulted in fragmentation of some of the olivines and the spinels 
wvre partly exposed to the cooling silicate melt. .\s a result of these conditions 
the spinels underwent degrees of reaction and cation exchange with the melt 
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Hr. iu-c. Cation variations 
in roned spinels from alkali 
olivine basalt MI2 
a Variations in 
Mg, (Mg 4 Fe^' ) relative to 
C’r (Cr + All. Individual 
grain traverses are 
represented by dilTerent 
symbols. Arrows represent 
directions of core to rim 
zoning 

b Variations in 

Mg/(Mg ^ Ke^ * ) relative to 

Fe' ' /(Ke’ ’ 4 Cr ^ Al). 

Sy mbols as m Figure 3 a 
c Variations in 
Ti/(Ti 4 .Al 4Cr) relative to 
Cr/(Cr 4 Al). Symbols as in 
Figure 3 a 
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produced by spinels which have reacted with the silicate melt to vary .'.ig degrees. 
The original spinels crystallised from the two basalts are not compositionally 
equivalent. Spinels from the olivine basalt SR 157 are noticeably more enriched 
in AljOy relative to Cr^O, but have similar Mg/Fe ratios to spinels in the 
alkali olivine basalt MI2 (Figures 2a. 3a). 

Reaction with the silicate melt results in a series of cation exchanges. These 
involve single-cation substitution of Fe^’ for Mg^', Cr^' lor .M^*, he'* 
for Cr^* and ,M'*. Hxtensive reaction with the liquid resulted in enrichment 
in Ti in the spinels probably by a coupled substitution of Fe* * Ti* lor 
A1'‘CV*. 

Although the reaction trends are similar for spinels in both basalts, in detail 
they show some dilTerences. l or instance, spinels Irom the olivine basalt show 
a continuous increase in the Fe'* /(Fe'* -l-C r + .\1) ratio as the Mg/Fe ratio 
decreases, whereas the former ratio remains either constant or decreases slightly 
during the initial stages of reaction in the alkali olivine basalt. This difference 
may be due to initial differences in the Fe'*/Fe'* ratio in the two melts, 
since the alkali olivine basalt has a lower Fe'*/Fe^* ratio (Ridley. 1971). .Apart 
from this initial dilTerence. the subsequent /onuig trends are similar, and initially 
involve a substantial increase in the C'r/.\1 ratio. This increase coincides with 
a textural change in which the spinel becomes intergrown with plagiiKlase in 
a symplectic texture (Figure 4). rellecting a peritectic reaction: 

Aluminous chromite r melt -*plagioclase + chromite. 

These changes are accompanied by gradual increases in the Fe'* and Ti 
content of the spinels, but the Fe'*/Fe^‘ ratio remains constant and only 
decreases merkedly once titaniferous magnetite precipitates. Because of the large 
octahedral site preference energy ol Cr'* and none lor either .Al' or Fe' . 
the increase in ferric ion rellects the substitution ol Fe' — ».AF rather than 





Kig. .4j-c. Cation variations 
in zoned spinels from olivine 
basalt SR 1 57 
a Variations in 
Mc/(Mg + FV ) relative to 
C'r (Cr + All. The dashed line 
is the average trend for 
zoned spinels in alkali 
olivine basalt MI2. Curves I, 
2 indicate the extent of 
cation variation in spinels 
Irom a spinel seam (curve I) 
and discrete spinels with 
allivalitc (curve 2) from the 
Rhum Layered Series 
(Henderson. 1975) 
b Variations in 
Mg/(Mg + Ke^ ■ ) relative to 
be'’ (Fe^* +Cr + Al) 

Dashed line and curves 1 . 2 
as in Figuie 4a 
c Variations in 
Ti,(Ti » Al + Cr) relative to 
Cr/(t r+ Al). Dashed line as 
in Figure 4a 
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as is evident from the gradually decreasing spinel (s.s) component 

in Table 2. 

The zoned vpinels are finally rimmed by titanomagnetite compositionally 
identical to the discrete grains in the basaltic groundmass. These rims were 
precipitated directly from the cooling melt upon the surface of previously reacted 
spinel, essentially protecting the spinels from further cation exchange and reac- 
tion with the silicate melt. 

Summarily, the initial spinels to crystallise Irom these basaltic liquids were 
.-M-chromites dilTering somewhat in the extent ol spinel (s.s)-herc>nite solid 
solution. Hxposure to the cooling silicate melt resulted in a complex series 
of cation exchanges in which the spinel became enriched in the magnesio-ferrite. 
chromite and ulvospinel (minor) components compared to the original spinel 
(s.s)-magnesiiH.hromite-hercynite solid solution. The gradual increase in l e/Mg 
ratio, enrichment in Ti. but constancy ol be' /be* ratio rellect the changing 
chemistry of the cooling silicate melt in that the internal, cl .>.'d-system fraction 
involves initial be— Ti enrichment under relatively constant lOj conditions 
(Ridley, l*??.^). The spectacular increase in the Cr,.\l ratio in the spinels resulted 
from a peritectic reaction in which the spinel lost during the crystallisation 


( ryslallisation of Spinels from Basaltic I iquids 


These detailed studies indicate that the composition of spinels in equilibrium 
with basaltic melt changes dramatically in response to decreasing temperature 
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lions at the site of partial melting will have important consequences for the 
Cr content of the erupted liquid. 

Secondly, during the crystallisation ol a spinel phase, other things being 
constant i.e., the concentration of Cr in the liquid, it is well established that 
increasing IX)i will promote the precipitation of spinel from basic magmas. 

In this case the oxygen-species equilibrium can be written as: 

4Cr'"-H20- -l-Oj 

and 

4Fe^* -i-20--F*4Fe^" -i-Oj. , j. 

In both these cases increasing lX)j results in increases in Cr * /Cr ' and 
Fe^ * /Fc^ ' ratios. However, the redox potentials of these reactions are such that 
within the range of Fe^*/Fe^* expected for basaltic magma the Cr’* content 
of the magma will be negligible. Hence the antipathetic relationship between 
chromite solid solution in the spinal phase and IX), must largely be determined 
by the availability of Fe^* -bearing “components” (magnesioferrite. magnetite) 
in the melt. The fact that chromite is a substantial component of liquidus 
spinels, when we consider its dilute concentration in basaltic melts, must be 
largely due to the availability of abundant iKiahedral sites once the spinel 
begins crystallising. 

Irvine (1975) has also considered the behaviour of Cr with reference to 
the structure of silicate melts at the Muscox intrusion, concluding that the 
iKcasional precipitation of abundant chromite was the result of periodic contami- 
nation of basaltic melt with granitic melt. There are however, many controls 
on silicate melt structure, one of which has been discussed above; another 
would be the eoncentration of dissolved w ater (Kushiro, 1975). It is emphasized 
that quite small changes in the availability ol iKlahedral sites in the liquid 
may have a dramatic elTect on the behaviour of transitional series trace elements 
whilst having little or no elTect on cations present in major proportions or 
elements without ivtahedral site preference energies. There are probably many 
other factors, which determine the composition of liquidus spinels in basaltic 
liquids. especially the initial concentration of Cr in the liquid which itself would 
be a function of temperature and pressure conditions in the zone ol partial 
melting and the mineralogy of the source material. 

It is interesting to note that the liquidus spinels examined in this study 
are quite distinct from the more chromite-rich spinels found in the Rhum 
Layered Series (Henderson and Suddaby. 1971; Henderson. 1975; Donaldson, 
1975) and yet the basalts are not distinctly dilTerent from the proposed parental 
liquid to the Rhum layered riKks (Brown. 1956)'. .Additionally, well-delined 
accumulations of spinel are observed in only two units out ol about 19 rhythmic 
units of olivine. plagiiKlase and clinopy roxene. This suggests extensive erystal- 
lisation of spinel in the Rhum magma chamber only took place under ahnormal 
conditions of crysUillistition. yet these conditions were not reflected in any compo- 
sition changes in the silicate phases (Wager and Brown. 1967). Thus large-scale 
contamination of the basaltic magma, of the kind envisaged by Irvine (1975). 

‘ However, Oonaldvon (W75) suggests the parental liquid was closer in composition to a eucrite 
which conceivably may have been quite rich in Cr.t'j 
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is precluded^ Periodic inHux of magma having a slightly lower oxygen partial 
pressure or lower water content, may be suir.cient to promote the precipitation 
^chromite prior to the appearance of olivine. The residual liquid would hence 

an t " crystalhsation'of chromite was 

slowed and teased once chnopyroxene began to crystallise. 

The cation exchanges diKumented here from individual basalt samples are 
complex and extensive as a result of incomplete reaction and melt fractionation 

comparable to the changes in spinel composition 
observed with upward progression in basic layered intrusions. In the latter 
cases, compositional variations are ascribed to subsolidus re-equilibration and 
reaction between cumulus minerals and intercumulus liquid. In the Rhum intru- 
sion the pattern ol Al enrichment at the expense of Cr (Henderson and Suddabv. 
971) and Cr + AI substitution for Fe^* (Donaldson. 1975) are opposite to 
those described here, and imply an increase in temperature during reaction, 
as noted by the above authors. Such a situation might arise if the heat from 
hotter magma conventing along the chamber fioor conducted downwards 
through the cumulus material. 

The comparatively limited extent of post-cumulus reaction in most cumulus 
spinel supsts a combination of limited volume of intercumulus liquid limited 
contact between spinel and liquid (possibly as a result of filter-pressing loss 
oMiquid) and a closer approach to true equilibrium exchange between the 
spinel and liquid compared to the reactions described here. 


( onelusions 


siKiatcd with large volumes of granophvre lhat probablv 
ocks lhat roofed the magma chamber (Wager and Brovin 
s IS also common association in many lavered intrusions 
consequentlv lake place There is clear evidence for basali- 
dramalic increase in the precipitation of spinel (Dunham, 
h granophvre within the Rhum magma chamber cannot 
agma (Wager and Brown. I%7) would provide a suitable 
Iso be important in the formation of the enigmalie "niugea- 
e precipitated highly magnesian proxenes (Kidlev. I'J'’3) 
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rrTROI.onY OF APOLl.O 15 IIRIXCIA 15/*59; I!. Tan Rl»llcv, I.aront-Oohcrrv 
Coolorlcnl Obfscrvatory of Coliir^bia Unlversltv, Pallsados, ITew Yorr. 

15A59 Is n plnss-nacrlx breccia collected from the rim i.F Sour Crater. 

It contains numerous white clasts, presumably derlvcil from Talus Putredlnus. 

The white clasts are of three distinct tynes; 1. recrystalliaed anorthosltic 
r.abbro with both Rranulitic and poikiloblastic texture (Tyne A), bull- analvsls 
of this type is p.iven by Taylor ct aJL. (1973). 2. coarse plaploclase and 

cxsolved pipeonite showing minor cataclnsls but no metamornhlsm ('^ync R) . 

3. coarse norite with intergranular texture (Type C) . A bulk analysis is 
given in Ta/lor et al . (1973). Tlie rare m«ire clasts arc p.ibbros showing minor, 
local shearing. Microprobe data have been collected for the malor mineral 
phases in the clasts, together with glasses in the matrix. Glasces. 50 glass 
fragments In the matrix were analyzed for nine elements. 27, are high-Ti 
glasses (132 Ti02), 202 are similar to the local ma e basalts, 442 have green 
glass composition, 332 arc low-alkali high-aluralna basalt, IT are g.ahbrolc 
anorthosite composition. It is interesting to note that the bulk nuUrix 
composition of this breccia is enuivalent to lov,?-alkali, hlgh-alumlna basalt 
(Taylor elt al. , 1973), yet the matrix is clearly polymlct. Type A clasts. 
Homogeneous discrete grains of coexisting ovthopijroxene , pifjaoKite, and 
augite are plotted in Figure 1. Generally these pyroxenes liave lov; Al , Ti 
contents with Tl/Al ■ 1/2^— 1/3. In addition, orthopyroxene olkocrysts include 
plagioclase and rarely olivine. Similar textures have been described from 
A-16 and A— 17 breccias, but tills breccia seems unique in that the orthopyroxene 
olkocrysts cooled slowly enough to exsolve lamellae of augltc (Figure 1). 
Distribution of Al, Tl between host and lamellae arc shmat In Figure 2. I.arge 
clasts of plagioclase are homogeneous (An 92) with thin sodlc rims (An 60). 
Chadacrysts have uniform An 92 composition. Opaque phases are dominantly 
ilmenite containing 42 MgO with rare Al-Tl chromite. Olivine is rare, as 
small chadacrysts (Fo 70). Type B clasts . Contain large ovihopyroxere grains 
with coarsely exsolved augite (Figure 1). Average composition from bro.ad beam 
analysis suggests the original pyroxene was plgeonite. Note these pyroxenes 
are more Fe-rlch than in Type A clasts, and fall into the field of A-16 
exsolved pyroxenes described by Brown £t al,. (1973). Coexistine nlngloclases 
are slightly zoned, lo\f-Fe types (An .98-92). Typ e C cl asts. The Initial 
pyroxene to crystallize was an aluminous orthopgroxena (m.aV. 42 AloO;^) 
continuously zoned to fcrropigoonltc (Figure 3). The latter contain 
microscopic exsolution l.amell.ae of sub calcic fermnuglte. Al-Tl relations 
are shovm' in Figure 4, illustrating Tl/Al > 1/8 Iti core orthonyroxene but 
< 1/2 in n.irginal ferropigoonlte. Plagioclase Is t;e.iklv zoned from An 86—73. 
Opaque phases are Ti-Al chromites, Cr-Al ulvosplnel , ilmenite an.l rare Cr-2r 
arnalcolltc. ,'!are clasts. The earliest pyroxene to crystallize is plgeonite 
rimmed bv sub-calcic augite and augite. Iron enrichment J.i verv Hplre.I. 
Olivine is abundant, weaklv zoned from Fo 61-55. I.arge fplnel grains are 
usually homogcneou.s Al-Cr ulvosplnel, occasionally rimmed In’ ilmenite. 

Discussion Another breccia from Spur Crater, 15465 has been describ.’d In 
detail by Cameron and Delano (1973) and anpe.irs very similar to 15459 both In 
matrix texture and clast types. The marc gahbros are nrohablv rel.itel to the 
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co„„n„»nce of sl„„cr cooUn, TO?! T ‘’■' " 

3.2 AE (Stettler et al. I 973 ) Th^ nlso be comnatihle with its are of 

Indicates slow cooling, * so one'mlehf these coarse grained rocks 

15 basalts is a consequence of fractionar^r^^^i variation in Apollo 

anorthosotic pabbros (norites of Camemn Recr>’stallized 

clast population. Their polklloblastic texture irsiLr“"’r‘'° the 

at other hlphlands e^tas but the texture is similar to that observed 

seems to be unique, and mav indicate somewhnf orthonyroxenc oilocrysts 

polklloblastic rocks. Coarse pralned orthon^ coollnp compared to other 

probably derived from a plutonrenvLonm^nr""r"" ’'l^^ioclase clasts 
exsolution in the pyroxene The reflected in coarse 

16 pyroxenes, so one might conclude thlt*^irin exsolved Anollo 

local origin, plutonic complexes are oTrLl^ ^ Py^'^xenes are of 

(References cited: S.R. Taylor et al ProJ regions. 

P. 1445, 1973; O.M. Brown et al.“lfr7 I i Fourth Lunar Science Conf., v. 2 , 
J.V/. Delano, Ibid., v. 1 , p. Jei] 1973).’ * ’ Cameron and 

L.D.G.O. Contribution Number - 2199 

■ Pyroxenes in clasts in 15459 125 ne^o 
Rralns and dots with horizontal bar are e.f’i f .f" Pyroxene 

A. Dots with vertlcal°bara^e exsolvid «U in Type 

Triangle represents bulk pyroxene en averted pigeonlte in Type B. 
exsolved pyroxenes. Figure 2 - T<-aii’^°!i A-16 

Squares ar« exsolvrd olkocryscs. a™"^f !” clasts. 
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PETROLOHY OF ALUTtlNOUS f!ARF. RASM-TS IN BRECCIA I40f>3: V.'. Ian Rlillrv, 
lanont-Dohercy Geoloplcal Observatory of Columbia Fniverslty, Pallsadns, 'I.Y. 

Mare-like basalts are rarely in the Fra Mauro breccias ami noorly 
described. If they renrcscnt fragments of mare basalts connarahle in ape to 
those dated from the mare, then the implication is that some Fra Mauro breccias 
have been reworked, between 3.9 AF. and the present. Such rex-’orkinp may be 
reflected in a "third-event" postulated from Pb isotope data (Tatsumoto e^ , 
1972), and ages of some clasts about 3.6 AE. In contrast ho\/ever, the l.arpest 
clast, 1A053 has an age of 4.0 AE, suggesting that some marc-lik.c clasts may 
pre-date the final filling of the mare basins. In this event, v;e have an 
opportunity to compare these earlier products with the ultimate products of 
mare volcanism. Both 14053 and 14072 are chemically distinctive from other 
mare basalts, and may be catagorlzed as aluminous mare basalts (Reid and Ja!:es, 
1974). They are Intermediate in composition between the low-Tl mare basalts 
(A-12, A-15) and high-alumina basalts that may have been abundant in the lunar 
terra regions. Clearly they may be of petrogenetic significance in bridging 
the gap between mare and terra volcanism. 

Mare-like clasts have been observed in breccia 14063, one of the white 
rocks considered to have been ejected from the deepest stratlgranhlc level at 
Cone Crater. They have a texture defined by a lathy to aciculate plagioclase, 
lathy ilmenite and intergranular pyroxene, 'fhey show no evidence of shock, 
thermal metamorphism or cataclasis. The somewhat equivocal texture suggests 
roughly synchronous crystallization of plagioclase and ilmenite, followed by 
pyroxene. One sample contained broivn mesostasls glass flecked x^lth metal 
dust. Broad beam analyses of these clasts (Table 1) indicates their unique 
major element chemistry, quite distinctive from other mare'basalts. By 
comparison with the latter, they have higher AI2O3, Na20, Mp/Fe ratio; 
compared to aluminous mare basalts (Reid and Jakes, 1974) they have higher 
TIO2 and Ilg/Fe ratios. It might be argued that these analyses are 
non-representative, and although this is plausible, the phase chemistrv 
strongly supports crystallization from a Ti, A1 and Mg-rich melt. Pyroxene. 

The earliest crystallized pyroxene is sub-calcic augite, followed bv augite 
and ferroauglte (Table 1, Figure 1). Their enrichment in Ti, Al, Cr is 
similar to pyroxene crystallized from other hlgh-Tl mare basalts (A-11, A-17). 
In detail, they differ from these mare basalts in having Tl/Al > 1/2 from an 
early stage in their crystallization history (Figure 1), suggesting the 
presence of trivalcnt Ti and by inference, early, highly reducing conditions 
'of crystallization. Ptagiocaloe. Shows limited connositional variation 
(An 81-73). Plagioclase is more sodic than observed in other mare basalts 
indicating' a more alkalic melt, consistent with the r.aior clement analysts. 
Compared to other mare basalts of sinilar Ar. conter.t they have high contents 
of MgO and conseouently low FeO/FeO + MgO ratios (46-62). If this ratio 
reflects qualitatively the composition of tlie liquids from which the nlagio- 
clase crystallized, then these melts had higher Mg/Fe ratios than ot’ier mare 
basalts. This is also consistent with the major element analyses. Ion 
microprobe analyses for Li, Ti, Mg, Sr, Ba shows ti’.e nlagiocalses contain high 
TIO2 (.05 - .28 V7t.?;) and 30-70 ppm Li. Li values are 2-3 tines higher than 
those observed in KREEP plagiocalses (Meyer . 1*^74), although it seems 
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that “o^ri'T’ 

shoul,l%p\e''aJJuorL'evaL"[4‘ dU°rSbuut''cocl?h""‘" 

planiocalse and coexisting silicate Hnn« i rr ^ efficients for Li bctt/cen 
oxide phase to crystallize and ^ IlncntU, This was the only 

solution series. Maximum MrO value solid 

whereas smaller crystals have about S^^MeO Zl""" 

llmenites in lo.^Tl mare basalts and mo., t ^ thus distinct from 

mare basalts. The hiph MpO, TlOa are cooQi ”"’'®t<able to ilnenites in hif»h-Tl 
breakdown of orlRinal armJlcolit; (Mappertv ISnf f°«^®tion of llmcnltc b, 

component of the returned samples (Reid and i , I’n^^x >’®‘^®"tlallv important 
orbital .XRF data may also be explain^ if H ’ the 

mare stratlpraphy (N.J. Hubbard^ pers. comm T T ^""°ttant part of tho 
show closest cliemlcal affinities to the in tJ "«re basalts may 

Reid and Jakes. x;hereas those descrlbL h^^h those cited hv 

hiph-Ti basalts. Also not.able irthe ^llb ‘''‘'fixities to the ' 

Na20 that gives them a distinctly terrestla/^ ratio, lower FeO and high 
TIO2 content. Their age is unknown but annearance, other than the high 

that Schonfeld and Meyer (1973) consider .iltimlnous breccia 

"Isht sumlze that thay aje then “dif 
rapreaent deanly burloj ™r. then 

«iy nUrnprasent their Innortance In ,»,re stratl^r^l ">>™rlcnl Inslmlf leant, 
be cautloua here, a similar caution should also ' ^dlhouph one should 

1972; C. Meyer et al p7^r~Fi’fr! , Science Conf., v. 2 p isn 

»nd P. daho^. '-'■-■''“d 

Science Conf., v. 1, p. 143 ^ 1971- f <;phnnf 11 * ^roc. Second Lunar 
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Figure 2 
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Analyses 

of Components of ILare 

Cl.asts in 

1A063 



1 

0 

A. 

3 

A 

5 

6 

7 

Si 02 

A5.9 

A9.69 

A 8 .AA 

A7.93 

A8.00 

— 

- 

TIOt 

7.3 

2.99 

2.36 

0.03 

0.09 

56.18 

5A.AA 

AI 2 O 3 

lA.A 

3.39 

1.99 

33.13 

32.29 

0.08 

0.13 

C12O3 

0.2 

O.AA 

0.16 

- 

- 

0.56 

0.59 

FcO 

10.7 

16.99 

23. lA 

0.33 

0.53 

35. A7 

38. 2A 

:tno 

- 

0.22 

0.21 

- 

- 

0.3A 

0.33 

MgO 

6.7 

17.55 

8.70 

0.38 

0.33 

7.17 

5.6A 

CaO 

11.3 

9.51 

IA.83 

16.66 

1A.38 

- 

— 

Na 20 

1.0 

- 

0.02 

1.79 

2.59 

- 

- 

K 2 O 

0.1 

- 

- 

0.18 

0.32 

- 

- 

Total 

97.6 

100.78 

99.85 

100. A5 

99.03 

99.80 

99. A2 


1 Average broail bean analysis of mare clasts 
2,3 Subcalcic augite and f crro-augitc , respectively 
A, 5 Coro and rin of plaploclase, respectively 

G,7 Large, nnhedral llnenite and acicular ilmcnlte respect ivelv 
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PETROLOGIC STUOItS OF POIKOLOBLASTIC TEXTURED ROCKS: u i 

Ceoloslcal Observatory of CoIu.tbia'SaivL^!''’ 

17 pom!obLaL““«tu«r«X5»ni?i)! ’■jraotrortr"'' °" 

o-Hop,„if:rpr^rue:'-L°‘L“; 

breccia 15459 whicrha^l^^ecced p^pe^Ji^^e.r 1» 

augite lamellae, riiese claata are flne-ataln^J ahowlng macroacoplc 

quickly. It appaara that coara“w exaolved “““ 

produced and are not necessarily indicative w impact 

mation. ^ muicative of plutonic conditions of for- 

Chadacrysts may be one or more of plavioclase or^h«. 
augite and olivine. Presumably the nximhal tf It V » pigeonite, 

of either maximum temperature Ltaineri r/ phases is indicative 

rock, or of the «luerL c^p!exl J "f t^e ro?k T >’»‘'‘“«'>lo»tlc 

blaatic. For ioatance the preae^ce L ^ S ' Polkllo- 

could Indicate a lower formtlon HnSir t '•'“‘‘•uryst phaaea in 15459 claata 
loblaatltea. which have «r !rch“aLc^a“t'"°b" 

aome poikiloblaatlc aamplea have interatltla? *‘‘‘*ilionally 

interpreted to reflect ^evlonai; m“ne“aJeL 

texture may develop during impact-lnduee I Shf overall poikiloblaatlc 

solid atate recryatalllaaflor^nj f f ‘ -etamorphlam Involving 

to be the moat Ukel; prLeL ?or ^ormStl™ "S'* 

blaatic rocks. AlternatHS eoSS.f? S ? “"S-8r"l>>sd polkllo- 

77017. could reauU frorJS;.S PPlkUoolaatltea. e.g., 

ihermal reg^a tSr pSkU^bJIa°t!tS" lutorcumulua grLjh. 

deration of minimum temperatures for mineral” estimated by consl- 

instance, the pyroxene geothe^^me'te^IrSo^^'L""!"; W 

SairsL'rc^xistJnr™thopv%s' «tcauur«°ii!(sr 

tion temperatures for 77017*^of 105oSlloO*c?'” estimate minimum equllibra- 
this rock are estimated at Te-993*c Te r' olivine and augite in 

polklloblastites where sufficient nha ! ““ »*so be estimated for other 
b.ialc areas 1„ 60315.63 give tempeSatnrua of u5rf ?"7 

orthopyroxene-augite and ollvlne-auglte resof ^0.17 J ' coexisting 

coexisting olivine and augite chadacrvs^s ^P^^^^ively. in contrast 
give lower temperatures of 100l"C <;r h’ assumed to have equilibrated, 

minimum temperatures of 1007*C for coexisUnP 67955 give 

by oikocrystic augite whereas copkIcM' S °livine-cnadacrysts surrounJed 

ferent olLts (whfc^ Tlo^^beLsr^nTh « o^^uJb^^tr-T'M 
breccia formation) give To-1093’c ^Tnrrr,.^ Ilbratcd . t the temperatures of 
augite In 61156.31 give T^lO.n-f '"“'f “nolct. coexisting olivine and 
nllow estimate, of mluLS Jerpcr^nre f P» '‘noblastites In 15459.125 
oikocrysts and their augite lame'1.7e a060°rl'* Station of ortnopyroxene 

and augite (1099-c). and chaJacr;s'ts of oliCl^e o f^'"" 

comparison we can calculate Te values aoga.ee ^.,/j cj . For 

crystaiuscd from melts. Co.xlaf f 
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Tc*99y*c \ 1 

lower temperatures for the form- “URRostinR diffusion is efferr<» ► 

PoikiTbf**^''*’^’ app-ors that diabasirarrjs"*! data need^to*" 

poiklloblastic areas, possibly indicatin^r vctluuH for Te th m 

these recks. Additionally mo^t of formed in 

probably cooled quicklv rel iri •. P^^^Hoblastites are flne'-er-ifn i 

P S at 1 atm. must be 1050-1070*0 ten’Peratures for these 

‘ere. If these are also close to observef 

that only minute amounts of llo. la temperatures, then it is Innii i 

The geogr.iphic spectrum of oolkliTi .f * ""“"f* 

of data for Poikiloblastic-textuL l ^ can be extended by iddltion 

relatively common in the whlrf breccias TU.t 

cr..ter b„t arc rar.r'ir°h'. fr™ Co”.“” 

rocoK„ls,d by LSPET and subsequently der^rfh 'r ’' Initially 

no ch.mlcal data have as yet 2.^rrLart!l md Jacltso„(J? 

breccias lA0b6.3o; lAOob.Sl; 140ob.A9- U0b3 itic 

orthopyroxene or pigeonite, rarely with rlm^ f '"! oikocrysts of 

^Iso^bee but reUcs of "“Site Lathy pL-iRioclase is 

1^305,105 and coarse fines 14151 g mn- l^^tite clasts in KRl-EP breed i 
son.d ouslt. and chadacrysts of nL^frf »‘l‘»nrysts of «,Uy 

noritl* **»a”***'^d *’^''** developed by recrvst ilH** the aaorthusitic 

norltic breccias, whereas those In KrfJpT . Plagioclase-rich 

rich precursors. Troauauhly differ, nc! T " PvroxeL 

Idsttlctod to Ib.-'Kt.ritn""’”:;---*-’"-' 

Referenc es 1 . uonce ,\ f i.‘ d, 

K'-rw'-n'M^ p- v)p-bii. 2. siro.;^: •’•«• i”’. proc^ 

■ lb,d. p. 613-32. 3 . Kidloy. «. l^ 

5. Powell, M. 


“'•d U.im.a, s. 1973 . 
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approxinia'tely 950°^ and may liava ^aan as lilgii as 12X0 C, 
Compositions of coexisting Mn-rich ilmenite and magnetite, 
ilmenite lamellae in magnetite, and the appearance of 
hematite, sphene and rutile in more evolved samples suggest 
a late-stage oxidizing trend in the pluton. Limited chemical 
variations in ferromagnesian phases and common inverse 
chemical zoning also imply increasing oxygen fugacity during 
crystallization of the intrusion. 


Low values (2.7 to -4.1) of most intermediate 

pl^-tonic rocks and metamorphosed country rocks indicate that 


large scale interaction with meteoric groundwater occurred 
and was probably enhanced by a convective, hydrothermal 
cell generated by the intrusion. Comparatively low but 
variable Sr®'^/Sr®^ ratios ( .70 51 6-. 70 594) reflect inherent 
inhomogeneities in the mantle and/or minor effects of con- 
tamination as the pluton rose toward the surface. 

A multistage petrogenetic model is presented which can 


explain the observed abundances of 3a, Sr, Hb, K and RES in 


postulated primary magmas. In this model, dfcpleted mantle 
above the Benioff Zone is hydrated and contaminated by 
liquids derived by partially melting (5-10/0 subducted 
oceanic crust (eclogite) containing a small (5<®) sedimentary 
component. Primary magmas are generated by partially melt- 
ing (10—20%) this garnet-free, modified mantle at depths 
less than 100 km. Subsequent low-pressure fractionation 


produces the observed chemical variations in the Captains 


Bay pluton. 
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Ti 

Zr 

Sr 

Rb 
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3850 

184 

492 

37 

21 

16 

3580 

174 

531 

33 

27 

19 

44-25 

150 

450 

59 

24 

22 

4600 

140 

474 

34 

22 

25B 

3830 

164 

412 

31 

24 

66C 

6300 

20.5 

698 

5 

4 

70 

1510 

129 

318 

76 

19 

86 

3540 

161 

393 

49 

20 

88 

5910 

157 

525 

35 

18 

88A 

4160 

167 

459 

15 

18 

92 

5540 

140 

428 

34 

16 

170 

4100 

154 

417 

28 

29 

170II 

5800 

109 

418 

28 

24 

173 

3350 

153 

590 

40 

18 

17^A 

7040 

168 

405 

34 

18 

174B-AP 

610 

129 

0 

160 

5 

17^B-GH 

2860 

185 

407 

31 

20 

176 A 

- 

186 

440 

55 

22 

176B 

5190 

175 

416 

32 

22 

177 

4640 
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360 

43 

26 

177II 

5570 

- 

402 

28 

24 

177A 

3330 

- 

463 

51 

9 

179 

- 

- 

465 

32 

22 

181II 

3350 

- 

427 

29 

24 

181DK 

5220 

175 

589 

38 

16 

181LT 

4830 

235 

234 

79 

26 

181ADK 

5720 

205 

582 

45 

18 

181B 

580 

107 

- 

122 

27 

181B-GH 

2990 

169 

436 

32 

26 

181BKSP 

840 

107 

0 

122 

27 
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28 

22 


- 
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54 
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20 
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• 
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28 

22 

— 
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429 

29 

22 
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- 

— 
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45 

26 
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49 

21 

- 
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46 

25 

4100 
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62 
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• 

- 
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50 
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497 

27 
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- 
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46 

16 

• 

- 
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18 

25 

— 

- 
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5 

8 
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45 
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3 

12 
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86 

147 

5 

50 
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1 

10 

264 

150 

264 

70 

9 

5760 

120 
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30 

19 

4820 
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22 

677 
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2490 
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67 

25 
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161 

446 
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2321 

- 

158 

426 

- 

— 

232B-G 

3270 

155 
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1, core large grain, Al, average of 4 in pyroxene' 
biotite- opaque clot, A5, small grain in contact with 
OPI, A6, average small grains, 10-13, core to rim of 
large crjstal, A2, average of 1^ points in large 
crjstals, 15, edge of large crjstal, A2, 16-17, core 
large ciratal, 21, edge of same. 

6-9, rim to core to rim of tabular grain, 13,14,15, 
independent grains. 

Al, average rim around hyper sthene, A4, average of 
4 grains, 12-15, core and rim of small tabular grain. 

^■2, average of 13 points, 16-22, rim on hypersthene, 
23-24, small grain. 

1-4, rim toward core large crystal, 6-9, rimmed by 
amphibole, 10-14, small grains in plagioclase, Al, 
average of 10-14. 

1-9, core to rim of large crystal, A(9), average of 
9 points, 10, 11, separate small grains, 12, inclu- 
sion in plagioclase, Al, average of large crystal, 

A2, average tabular crystal. 

2A, average of 4 grains, 4A, average of rim to core 
of crystal . 

Core of amphibole. 

Average of 4 relict grains in amphibole. 

B4, relict in amphibole. 

lA, average of 11 points in large crystal. 

3 average of 3 grains, C, small inclusions in 
plagioclase. 

3— rim to core of euhedral phenocryst. 

1-4, core to rim of groundmass grain, 5-7, core 
toward rim of phenocryst, S-10, core to rim of small 
phenocryst . 
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appendix E2 

Orthop’^Q'^i^ne Notes 

Al, small grain, A1(12) average of 12 small grains, 
A3 enclosed in augite, A4 outside of same augite, 
2-5 small granular grains. 

1^-5 core to rim to core of long tabular crystal, 
10-12 granxilar grain. 

A1 , large grain in contact with magnetite, A2, 
small grain, 3 large anhedral grains, A GM average 
of ^ small anhedral grains, AC1-A31 core and rim of 
subhedral grain. 

2-6 rim to core and rim of large euhedral crystal 
s\irrounded by augite, A2 average of 2-6, 7-8 core 
and rim of small granular grain, 9 smallgrain core, 
]_0— 11 core and rim of large euhedral grain, A3, 
average of 7-11. 
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236 

lA, 

COI 

UN 36 

2A, 

175 

ES, 

179 2 

2A. 


grain on edge of augite, 4-A, average of 5 tabular 
crystals, 32 H, typical rim of larger grain. 

Average of ^ grains. 
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SlOj 

57. J* 

57.72 

36.0* 

57.36 

36.60 

57.35 

TlOj 

5.25 

5.1* 

*.79 

4.62 

5.27 

4.21 

UjO, 

15.15 

15. *9 

15.** 

13.9* 

15.96 

13.2* 

CrjCj 

0.05 

0.00 

0.01 

0.01 

0.00 

0.00 

7*0 

15.60 

15.02 

14.77 

1*.6* 

15.23 

1*.05 

?!aO 

0.12 

0.20 
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0.1* 

0.17 

0.1* 
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1^.52 

1*.66 

15.61 

15.63 

14.70 
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CaO 

0.05 

0.06 

0.02 
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0.0* 
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0.27 

0.21 
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9.57 
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8.71 
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0.01 
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- 

?*t Total 

8.000 
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0.572 
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0.595 

0.473 

3r'" 
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0.017 
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C.013 
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z 
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0.000 

0.000 
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0.06 
2.45 
5.00 
0.55 
87.68 
0.08 
0.21 


0.16 

2.20 

2.96 

0.50 

88.09 

0.05 

0.20 


0.16 
2.5 V 
5.44 
0.52 
85.84 
0.07 
0.50 


0.16 

5.21 

5.75 

0.28 

84.75 

0.15 

1.05 


0.14 

4.02 

2.44 

0.55 

85.67 

0.19 

0.50 


0.56 

5.00 

5.42 

0.27 

85.89 

0.15 

0.55 


0.15 0.15 0.16 0.11 0.09 0.09 0.09 

50.12 47.58 48.69 49.81 49.59 46.09 49.58 

0.48 0.59 0.54 0.60 0.45 0.78 0.62 

0. 00 0.01 0.02 0.02 0.05 0.04 0.00 

47.96 49.45 48.72 48.70 47.75 50.27 48.48 

1. ^8 1.29 1.19 1.26 1.20 1.09 1.20 


1.29 1.19 

0.25 0.21 


0.28 0.08 


1.09 1.20 

0.65 0.11 
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92.6*# 

95.29 

95.08 

91.84 

100.22 
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99.55 

100.78 

98.97 

98.98 
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55.57 

55.55 

55.52 

52. ‘>4 

54.42 

55.45 

- 

- 

- 

- 

- 

- 

- 

60.56 

60.62 

58.57 
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56.96 
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- 

- 

- 
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100.04 

100.02 

98.55 

99.05 

98.80 

97.46 

- 

- 
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6.91 

6.28 

7.42 

9.15 

11.62 

8.86 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

5.25 

9.76 

7.47 

6.67 

5.54 

12.69 

6.56 

52.07 

52.1(1 

51.66 

50.89 

51.90 

51.20 

45.62 

41.05 

42.40 

45.15 

45.16 

59.55 

45.10 

62.05 

62.. 5 

60.22 

59.85 

59.75 

48.55 

4.82 

9.55 

7.05 

6.17 

5.07 

12.16 

5.98 

100.21 

100 18 

98.74 

99.28 

99.07 

97.70 

100.70 

100.05 

100.24 

101.40 

99.47 

100.21 

100.48 


Nutet A, C,D, independent gralna. E, enclosed In pyroxene; F, 0,ln contact with llaenite (H,I);B, interstitial between 
pyroxenes; H, I, in con- act with (F.O); J. contact with blotlte; K. In pyroxene clot; M, Independent grain; 

N, Itjaellaa in eagnetlie. 
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100.42 

101.11 

95.45 
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- 

- 

52.85 

52.79 

54.02 

54.45 





* 

65.62 

65.51 

61.65 

61.64 
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101.55 
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- 
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7.95 

7.51 

7.47 

1.66 

1.94 

6.27 

7.15 

10.20 
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42.55 
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52.58 
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10.59 

7.04 

6.56 

6.55 

66.15 
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65.25 
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9.27 
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5.52 

52.22 
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4.85 


52.82 

65.44 
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0.02 

94.14 

52179 

65.58 

100.52 

5.55 


51.95 
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cUnopyro«ef.e; H. in plaglocleae. 
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<t 2 .n 

99.19 

90.29 

90.99 

•8.79 

99.90 

r«fit 

. 

i2.i7 

a7.9l 

)2.0k 

- 

- 

- 

92.29 

- 

91.91 

91.90 

)2-91 

91.17 

“ 

* 


'•A 


47. Oft 

19.V 

k).02 

- 

- 

- 

09.09 

- 

44.07 

99.91 

9).99 

99.91 

* 



- 

ftOft.2) 

91. M 

ftOb.M 

- 

- 

- 

100.02 

- 

90.79 

99.09 

9»-99 

99.9a 




ft «1*. 


2.M 

kO.Ta 

a.)> 

• 

- 

- 

9.29 

- 

1.97 

2.99 

9.)0 

9.92 

- 

- 

• 


11.9) 

- 

- 

- 

19.a2 

12. 

I).0) 

- 

ia.a7 

- 

“ 

• 

• 

94-%I 

99.01 


r«o 

)4.oa 

)1.09 

»a.>7 

)1.9a 

)).79 

)*.)7 

)9.09 

91.90 

9a.00 

90.97 

91.19 

)l.a* 

90.99 

0.97 

1.10 

- 


11. 07 

07. y* 

)*.)» 

Ck.M 

19)0 

I2.)0 

12.60 

44. %2 

1%.14 

99.09 

09.2) 

4).04 

4%. 14 

90.« 

9a.#9 

■ 

fi-07 

10i.)0 

9)-00 

100.97 

99.ai 

7*.72 

9). 9a 

100.10 

9a.l9 

99.79 

99.91 

99.71 

99.79 

100.0% 

90.29 



■otd Cl. latk la klatUaj 02 , C», aa^iatlta altfc liaaalta laMlIaai 
Ca. larsa (lala attk Ci a>4 Ok liaaalta laaallaai C7 aaall 

^ (rala la klatltaj am, C9, larea «rala alia liaaalta 

laaallaai CIO, aaall latacatltlal trala. 


Ilaai Batai 1. 2, i, aatkaOaal cralaa alta liaaalta laaallaai t.5, la blatitai 
I k.ratlla aaaaetacao alta a*aaaa la aaaatita. 





BIO^ 

0.05 

0.14 

0.02 

0.21 

0.27 

TlOg 

1.95 

1.2? 

1.56 

88.60 

0.96 

Alj^O, 

0.85 

0.77 

0.94 

2.45 

1.25 

Cr^O, 

0 . 5 ^ 

0.18 

0.45 

0.02 

! 0.16 

PaO 

90 .^ 

89.48 

90.19 

1.30 

92.88 

MnO 

0.18 

0.12 

0.12 

0.00 

0.06 

rtgo 

0.00 

0.00 

0.00 

0.18 

1 0.02 

Total 

93.75 

91.96 

95.06 

92.76 

95.57 

PaO 

52.97 

31.98 

52.29 

- 

1 55.17 

Pa^, 

65.61 

65.91 

64.35 

- 

1 66.56 

Total 

100.11 

98.57 

99.51 

• 

102.25 

% Ulv. 

5.56 

5.74 

5.94 

- 

2.75 

llaanlta Baala 






PaO 

51.77 

51.10 

51.46 

- 

52.58 

P. 2 O 5 

64.96 

64.88 

65.28 

- 

67.24 

Total 

100.24 

98.46 

99.61 


102.52 


0.04 

0.00 

0.0a 

UaU^ 

Ual^ 


Va AW 


0.68 

1.17 

1-57 

0.57 

0.85 

0.52 

2.16 

0.78 

0.97 

1.00 

1.58 

1.15 

1.48 

1.45 

1-05 

1.04 

0.11 

0.07 

0.15 

0.08 

0.04 

0.02 

0.09 

0.10 

91.66 

91.56 

90.68 

92.13 

95.28 

91.97 

92.59 

95.99 

0.08 

0.52 

0.08 

0.05 

0.12 

0.00 

0.05 

0.09 

0.00 

0.00 

0.00 

0.00 

0.02 

0.00 

0.00 

0.00 

95.75 

95.92 

95.88 

93.99 

95.86 

94.11 

96.00 

95.68 

52.00 

52.20 

52.87 

52.05 

52.96 

52.28 

54.17 

52.80 

66.52 

65.75 

64.25 

66.80 

67-04 

66.54 

64.95 

67.96 

100.40 

100.51 

106.52 

100.70 

102.65 

100-75 

102.51 

102.46 

1.95 

5.55 

4.50 

1.65 

2.54 

1.49 

6.06 

2.20 

31.56 

51.50 

51.90 

51.67 

52.55 

51.84 

52.80 

52.27 

67.01 

66.53 

65.35 

67.20 

67.72 

66.85 

66.45 

68.16 

100.45 

100.59 

100.45 

100.74 

102.70 

100.80 

102.66 

102.55 


jlot«: X, 2, mmmll la 5 lar«« erala with 

Irrw^ular of mtll# ood spItociOt t, mtll# Ifl 

mmefftlt*. 


■otei A. B, C, la aapltllkolas ». l*rg* *r«la la aatklbola; 0. larga 

grain la aafAklbola with thin llaanlta laaallaa (rara)i i. aaall 
gralnj J, avaraga of 3 Intargroaa with aapblbola la a valnj 
g^ O, P, aaall granular gralna la aafitilbolltlsaB rolcaale la 


contact with 93C. 



ORiclINAL 1 AGK kJ 
OK Pih)R gUAIJTV: 








U 5 1 B 0 



Total 


Total 


68 . 4 $ 


^.35 44.41 4J.95 45.50 2.10 

0.67 0.66 0.57 0.55 1.11 

0.02 0.02 0.04 0,10 0.J5 

♦9.77 40.99 50.23 48.90 87.54 


0.19 0.16 


2.86 2,98 


95.02 94.20 97.96 96.96 97.95 96.24 

35.22 55.96 - _ _ 

59.15 60.96 - _ _ _ 

100.95 100,53 - - _ 


68.47 66.54 


% Ulv. 

». 2‘>3 

Ilaealta Baala 
TaO 

F .^5 

Total 


92.00 91.97 94.95 

32,40 52.15 5a. 09 
61,29 62.62 59.63 
96.15 96.25 100.95 


15.02 


15.92 15.63 15.05 


».« K.n 

5.05 14.61 13.55 X5.3, ^ ^ 

-- -- -- ^6.. 96.55 101." 


5.01 15.60 45.77 45.07 45.12 


2-27 1.77 


87.17 00.45 50.70 


0.67 0.66 
0.00 0.01 
50-15 49.61 
5-07 5.27 


2.86 42.30 


66.61 52.47 


0.00 0,20 


«.» W.5. 


46,00 

58.29 

103.24 

42.96 


36.55 56,11 

48.81 16.22 

104.29 100.01 


59.11 

96.18 


18.72 14.31 


19.55 


tWaUi 

AC. Ut, cora «>4 rl. of .rain m aapfclbolas BC Ml , ~~ 

cllnop^rorana, D5. D 4 . cor. of l*r.. .rain, B5.’ ad^ iral!- 

. 65 , llnaolta In contact with D3 and 04, 


55.51 37.00 51.55 54.97 

16.27 14,02 61.19 19.45 

96.77 100.25 96.39 100.40 

mlta, 01 , 02 , rhoabio .rain in 
0 , In orthop/rozaoa. 



«« *.20 •5 72 « »> « 

71 0.J7 l.n 0.57 0.51 0.5» 0.» 0.70 O.ao 

» 0.02 0.»7 0.00 0.00 O.CO 0.00 0.7J O.M 

u **.W 06.55 *»■*> 

^ 5.50 0.5» 5‘5 5-17 0.05 0.50 0.10 0.5* 

00 0.20 0.00 0.2? 0.09 0.00 0.00 0.00 0.00 

^.5*. VOO 57.C* 55.56 51.50 50 55 50.55 V56 

,,j - 5*. 51 - ' - M-’* - 

. . I*. 50 - 61.60 55. *5 

5*.*5 - 57.10 50. V 

5-76 15.51 


20 51.76 50.06 1 52.0* 56.66 *5 76 50.75 52.1* 50 *5 50.01 50.05 50.71 50 5* 

r>0 5l-*6 »*-•• "■■■ I . . .n oo V* 22 65 17 62.77 6*. 51 6*-5* 66.25 

.... -•> ^ :: 

«.i«l 99.00 50.56 50.00 55.22 101.56 50 56 55.56 90 to -O’ 


16,*.. 1. 2. 5. *. ... .«*• •* ». •'f** “ **“•“ “•*“** ’• 

»0. U 6..*U.. U. 12 «. 15. 615. .-*«Orv^ -«• -H-Wl.. *1*. 6.5.i^.* 0^.1. 1. 
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ij 


1 

2 

5 

4 

5 

6 

7 

8 

9 

10 

11 

12 

15 


SlO^ 

0.05 

0.77 

0.01 

0.00 

0.00 

0.00 

0.08 

0.00 

0.00 

0.10 

0.07 

0.02 

0.01 


TlOg 

*6.56 

44.82 

42.98 

48.55 

47.86 

47.17 

46.84 

47.17 

46.56 

1.84 

1.57 

2.04 

46.90 


Al^O, 

0.48 

0.56 

0.52 

0.60 

0.45 

0.55 

0.59 

0.54 

0.55 

1.21 

1.40 

1.20 

0.65 


Cr^Oj 

0.02 

0.02 

0.00 

0.01 

0.02 

0.00 

0.01 

0.02 

0.05 

0.29 

0.29 

0.59 

0.07 

HM|| 

taO 

45.7i 

47.59 

45.41 

48.85 

47.50 

47.16 

46.20 

46.29 

47.54 

85.22 

88.66 

85.47 

47.75 



A' 

nao 

2.40 

2.27 

2.15 

2.15 

2.52 

2.59 

2.57 

2.58 

1.69 

0.50 

0.28 

0.58 

5.02 


MkO 

0.01 

0.54 

0.06 

0.18 

0.05 

0.14 

0.11 

0.06 

0.56 

0.00 

0.05 

0.12 

0.08 

|j 

Total 

95.09 

96.58 

91.15 

100.50 

98.20 

97.42 

96.40 

96.66 

96.55 

88.96 

92.50 

89.82 

98.45 

i' 

faO 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

52.14 

- 

- 

r 

i 

fa^O, 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

62.82 

- 

- 

Total 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

98.60 

- 

- 

h 

% Ulv. 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

4.58 

- 

- 

1 

1 

i - 

#B^O, 

Ilaanlta Baala 

7.89 

10.89 

11.21 

8.91 

8.04 

8.80 

8.28 

8.00 

9.56 

96.05 


95.88 

10.51 

i .. 

TeO 

59.50 

58.52 

56.58 

41.14 

40.60 

59.75 

59.42 

59.70 

59.52 

1.48 

51.14 

1.27 

58.99 

lu.=« 

r.^Oj 

7.18 

10.50 

10.04 

8.54 

7.67 

8.24 

7.54 

7.55 

8.69 

95.07 

65.95 

95.58 

9.72 

i 

Total 

95.80 

97.40 

92.14 

101.15 

98.95 

98.24 

97.16 

97.40 

97.42 

98.29 

98.71 

99.20 

99.42 



0.Z7 


1.00 0-21 
). 5 » 95-10 92-99 

0.0) O.OZ 

O.oo 0.00 0.00 

j2.^*» )l-92 

67.9) «’V.)a 

10 l.)'» 100 . fcO 

2.**0 1.81 

D.88 


91-19 

91.17 

9)-09 

2.57 

0.09 

0.29 

0.1) 

0.00 

0.00 

99-24 

92. V* 

99-88 


51.24 

5).02 


66.60 

66.09 

- 

99-01 

102.42 

- 

l.)l 

9-99 

14.89 

- 

— 


19.99 

95-89 

<»9.76 

2.44 

0.04 

2.62 

0.00 

0.00 

0.14 

96.57 

99-11 

96.94 

- 

52 . 1 ) 

- 

- 

68.60 

- 

- 

101.96 

— 


1.08 

- 

14.96 

- 

19-4 


,.66 ) l -84 

^.15 68.09 «>7.80 19-21 

e.04 101.40 100.69 100.07 


50.96 )2-)9 
66.90 67.46 
99.09 102.96 


51.90 )9-< 

68.89 19-' 

97.17 102.00 97- 


56.)8 

19.08 


- - — 

— ^ 10-12.1« Wl^lbole -1« 
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1 

2 

i 

4 

5 

6 

7 

8 

aio^ 

0.01 

0.10 

0.14 

0.09 

0.16 

0.27 

0.15 

0.05 

T102 

45.51 

47.15 

46.49 

46.56 

0.90 

1.55 

46.74 

. 1.12 

Al^o, 

0.75 

0.80 

0.94 

0.84 

2.47 

2.28 

0.75 

1.90 

Cr^Oj 

0.01 

0.01 

0.02 

0.06 

0.25 

0.21 

0.04 

0.28 

FeO 

50.82 

47.52 

47.54 

49.51 

91.10 

92.14 

49.56 

90.75 

KnO 

1.22 

5.45 

2.41 

2.02 

0.14 

o.ae 

1.12 

0.15 

n«0 

0.04 

0.01 

0.00 

0.21 

0.02 

0.11 

0.54 

0.00 

Total 

98.56 

98.85 

97.55 

98.89 

95.05 

96.45 

90.46 

94.21 

FaO 

- 

- 

- 

- 

52.89 

55.78 

- 

52.62 

Ka^O, 

- 

- 

- 

- 

64.70 

64.86 

- 

64.58 

Total 


- 

- 

- 

101.55 

102.94 

- 

100.68 

% Ul». 

- 

- 

- 

- 

2.55 

5.78 

- 

5.19 


15.02 

9.98 

9.85 

11.79 

- 

- 

10.58 

- 

llneolta Basla 

FaO 

59.65 

59.05 

59.55 

59.58 

52.22 

52.76 

40.45 

51.91 

'•2°5 

12.44 

9.22 

8.68 

11.04 

65.44 

66.00 

9.91 

65.57 

Total 

99.61 

99.75 

98.21 

100.00 

101.60 

105.06 

99.46 

100.76 


Mote: 1-4, eocloaod In blotlte; 5, 6, large grain with thin llaanlta lanallaa; 


7, 8, In cllnopjroxene. 


UH 56 



k 

B 

0 

E 

F 

U 

11 

I 

J 

BD 

Bl 

B2 

BF 

I103 

0,05 

0.05 

0.10 

0.16 

0,17 

0.16 

0.25 

0.27 

0.21 

0.29 

0.25 

0.05 

0.70 

fio. 

46.66 

46.55 

47.55 

1.80 

1,16 

10.72 

10.66 

47.25 

46.21 

2.90 

0.61 

48.66 

48.95 


0.79 

0.75 

0.91 

2.56 

2.04 

2.10 

1.95 

0.84 

0.79 

1.55 

1.94 

0.75 

0.89 

Jr^Oj 

^aO 

0.09 

0.15 

0.15 

0.64 

0.67 

0.65 

0.68 

0.02 

0.07 

0.46 

0.45 

0.04 

0.04 

48.07 

46.56 

46.79 

91.61 

95.24 

74.99 

75.95 

49.94 

49.65 

87.64 

91.50 

48.78 

46.07 

I11O 

2.97 

5.04 

4.75 

0.10 

0.10 

1.50 

1.29 

2.41 

2.22 

0.76 

0.15 

2.28 

1.92 

IgO 

0.02 

0.00 

0.00 

0.00 

0.00 

0.00 

0.01 

0.00 

0.07 

0.00 

0.00 

0.04 

0.26 

Total 

96.82 

96.87 

100.05 

96.67 

97.58 

89.90 

90.71 

100.71 

99.41 

95.40 

94.68 

100.00 

98.89 

raO 


• 

- 

- 

- 

58.45 

58,74 

- 

- 

55.48 

52.60 

- 

- 

?.20j 

- 

- 

- 

- 

- 

40.61 

41.54 

- 

- 

60.19 

65.24 

- 

- 

Total 

- 

- 

- 

- 

- 

95.97 

94.88 

— 


99.45 

101.22 

■ 


H Ulv. 



- 

- 

- 

52,47 

52.10 

- 

- 

8.45 

1.74 

- 

- 


10. 75 

9.40 

10.77 

- 

- 

- 

- 

11.19 

12.18 

- 

- 

8,78 

5.09 

Ilaanlta Baala 

FeO 

59.15 

58.84 

57.89 

- 

- 

51.91 

52.17 

40.55 

59.45 

51.51 

52.05 

41.44 

42.54 

Fa^O, 

9.95 

9.56 

9.89 

- 

- 

47.88 

48.65 

10.65 

11.58 

62.58 

65.87 

8.16 

5.95 

Total 

99.82 

98.72 

101.02 

- 

- 

94.70 

95.60 

101.77 

100.58 

99.65 

101.28 

101.42 

99.50 


Nota: i. B, 0, rl» on naBnetlte BD encloaad In blotlta; E. F, larga grain with tltanoaaffiatlta corn (0,H), I.J, aaall 

grain In contact with plagloclaaa; Bl, B2 In contact with BDj BF aaparata grain. 



i 

t 

!l 


0.02 




r^jOj 

eO 

oO 

I ( s 0 

Total 

raO 

^• 2^5 

Total 
% Ulv. 

% 

Ilaenlte Baala 
reO 

Total 


0.07 

02.11 

0.92 

0.90 

99.09 
55.'*2 

91.09 


0.02 
85 . 
0.81 
1.05 
96. '9 

57.19 

51-57 


100.29 101.69 

16.48 20.85 


91.70 92.41 
55.94 56.62 
100.70 102.16 


75.99 

76.54 

70.71 

80.02 

79.91 

81. 

10 

1.45 

1.06 

0.90 

0.90 

1.02 

0. 

48 

0.59 

0.67 

1.72 

1.61 

1.09 

1. 

99 

91.00 

91.12 

94.41 

95.i’6 

99.00 

90. 

.99 

98.07 

97.90 

94.50 

9**. 98 

96.55 


- 

41.41 

42.69 

49.05 

50.05 

47.7*» 


■ 

95.15 

95-59 

99.91 

100.16 

90.66 



92.12 

91.02 

18.29 

17.^9 

22.48 


- 

91.90 

91.5** 

90.56 

51.05 

91.**5 


- 

48.85 

49.79 

59.51 

54.42 

55.19 


■ 

95.90 

96.11 

99.75 

100.70 

99.21 



a, Badlua alio phanocryataj 6, 

ij 12, 15, fla 8T“1" 

7, core and 
In cuaulata 

rli 


80.89 

70.09 

0.44 

0.51 

1.50 

2.04 

97.96 

96.71 

- 

95-89 

- 

47.72 

- 

101.49 

— 

18.10 


91.69 

- 

52.59 


101.96 


01.57 

80.02 

0.80 

0.5^ 

0.61 

1.57 

92.**0 

96.62 

54.77 

96.49 

52.01 

49.27 

97.62 

101.56 

15- 5« 

18.86 


51.24 52.16 

55.99 5^.08 

98.01 102.04 


of larga phan^oryat} 9-U. 




la 

lb 

2C 

21 

au 

5.0 .CM 

5.8.01 

80 

4N 


BIO^ 

0.27 

0.22 

0.26 

0.21 

0.25 

0.21 

0.24 

0.28 

0.27 

u 

i > 

1 

TIO^ 

2.18 

2.25 

6.70 

7.09 

7.70 

6.86 

7.19 

5.02 

4.85 

Al^O, 

19.98 

14.92 

5.51 

5.66 

5.25 

2.50 

2.16 

10.50 

7.02 


Cr^Oj 

18.00 

18.11 

10.98 

10.58 

7.50 

10.81 

5.90 

17.57 

11.25 


faO 

50.88 

55.50 

70.51 

09.04 

75.56 

71.07 

76.82 

58.92 

07.09 

\ 

1 

lloO 

0. J 5 

0.41 

0.45 

0.47 

0.47 

0.50 

0.49 

0.47 

0.46 


hbo 

7.86 

7.06 

5.08 

J .55 

5.72 

2.08 

2.11 

6.16 

8.98 

u 

laO 

0.21 

0.09 

0.15 

0.52 

0.29 

0.06 

0.47 

0.12 

0.01 

b 

5 

l;! 

Total 

' 95.71 

90.89 

96.09 

95.88 

90.58 

98.48 

95.58 

97.04 

95.92 

1 


50 

5 C 

(C 

fC 

ON 

7 <21 

8 cn 

9 . c,at 

9.8 .cn 


810^ 

.20 

2.52 

0.15 

0.55 

0.15 

0.45 

0.29 

0.22 

0.51 

i 

TIO^* 

2.59 

2.58 

2.tJO 

1.89 

1.98 

7.06 

8.19 

0.72 

7.27 ' 

1 

Al^O, 

12.45 

12.50 

15.5^ 

15.76 

15.51 

1.95 

1.92 

2.55 

2.26 


Cr^O, 

18.55 

17.9^ 

19.56 

19.52 

19.88 

0.65 

0.58 

10.92 

6.16 

j 

iMJ 

55.09 

5^.90 

51.50 

51.06 

50.47 

80.96 

79.64 

75.64 

V 6.97 


tinO 

0.42 

0.59 

0.57 

0.58 

0.41 

0.45 

0.40 

0.51 

0.85 


ngo 

V .55 

7 11 

7.00 

7.81 

7.70 

1.80 

2.12 

2.22 

2.02 


ZoO 

0.17 

0.12 

0.00 

0.01 

0.06 

0.27 

0.58 

0.29 

0.55 


Total 

90.59 

97.71 

90.55 

97.15 

95.55 

98.15 

95.55 

97.08 

95.80 


Hot., l„ oll*lo,s X-B. cor. to rl« lo phaoocrr.t oot.ld. of ollvl.os 

J.W1. core wid rla oX ptow.ooy.t la |{roufida...| 4, cor. Mid ria of Brain la 
oil vine; 5. 6. er.ln. In CMil.r of ollvla. pl>«iocr/ati 7.8. Brounda.ea opaquea} 
9, cor. and rla of l.rB. pliMiocr/.t in sroundaaaa. 


I 


f " 


:.r 

t 


I >■ 



Xinvnf) H(XM 


J. .... .. . * _U 


APPENDIX I 

ouviHt: 


f«-l5 



11 

2C 

5 

4H 

5R 

6C 

7C 

81 

9B 

lOH 

8102 

)9.i^ 

59.9} 

59.10 

57.80 

58.57 

}«.64 

59.69 

59.89 

59.21 

58.86 

TIO 2 

0.00 

0.00 

0.01 

0.01 

0.04 

0.02 

0.00 

0.00 

0.00 

0.01 

raO 

17.77 

17.25 

17.50 

21.22 

22.14 

18.04 

17.65 

18.r-9 

18.52 

19.54 

rinU 

0.27 

0.21 

0.24 

0.57 

0.41 

0.27 

0.24 

0.29 

0,50 

0.51 

MgO 

45.2} 

45.93 

42.24 

40.00 

59.45 

42.20 

42.86 

45.09 

42.55 

41.42 

CaO 

0.19 

0.19 

0.14 

0.20 

0.21 

0.16 

0.10 

0.21 

0.20 

0.22 

Cr20, 

I'.Ol 

0.00 

0.00 

0.04 

0.02 

0.02 

0.01 

0.02 

0.02 

0.00 

AI 2 OJ 

0.00 

0.00 

0.00 

0.00 

0.00 

O.fjO 

0.00 

0.00 

0.00 

0.00 

Total 

100.77 

101.51 

99.0} 

99.64 

100.86 

99 35 

100.61 

101,78 

100.58 

100.15 


81 

0.995 

0,997 

1.005 

0.985 

0.994 

0.992 

1.001 

0.998 

0.997 

0.995 

Tl 

o.orx) 

O.OfX) 

O.OfXl 

0.000 

0.000 

O.OCiO 

0.000 

0.000 

0.000 

0.000 

ra 

0.575 

0.560 

0.571 

0.462 

0.4'/7 

0.587 

0,575 

0.582 

0.589 

0.414 

Mil 

0.005 

0.004 

0.004 

0.007 

o.fXia 

0.005 

0.004 

0.006 

0.006 

0.005 

Mr 

1.62'/ 

1.654 

1.615 

1,554 

1.516 

1.616 

1.615 

1.607 

1.604 

1.582 

Ca 

0.004 

0.004 

0.005 

0.005 

0.005 

0.003 

0.fX)5 

0.005 

0.005 

0.005 

Cr 

0.000 

0,000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

A1 

0.000 

0.000 

0.000 

0.000 

0.000 

o.orx) 

0.000 

0.000 

0.000 

0.000 

Total 

5.004 

5.000 

2.995 

5.01} 

5.000 

3.005 

2.995 

2.9‘18 

5.000 

5.fJ01 


Noto: l-«i euliedral pheiiocrjrat ; 5 averag* of 4 rlaa; ?-9 cora to rla of olivine xenocryat; 

lOH average of 5 rlaa In xenocryat. 
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TIO, 


0.00 
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ABSTRACT 


! 


The geology and stratigraphic relationships of the Cayman 
Ridge, Nicaraguan Plateau and mid-Cayman spreading center, which 
have been determined from the succession of rocks recovered at 
80 dredge stations in the Cayman Trench, are consistent with the 
inferred crustal structure of the region deduced from published 
geophysical data. The Cayman Ridge and Nicaraguam Plateau are 
composed of metamorphic, plutonic, volcanic, sedimentary and 
carbonate rock units that typically outcrop along continental 
margins and in island arcs. In contrast, the trench floor is 
composed of mafic and ultramafic rocks identical to those re- 
covered from the major ocean basins. 

Our petrographic , radiometric and paleontologic data is 
correlated with the regional geology of Central America and the 
Greater Antilles and suggests that the Cayman Ridge and Nic- 
araguan Plateau developed as a single, broad island arc during 
the Laramide Orogeny. By late -Eocene, volcanism had greatly 
dimished, uplift and erosion exposed the underlying igneous 
rock, thick clastic sequences were deposited in newly formed 
grabens and a zone of east-west axial accretion had been created 
between the rifted ridge and plateau. An average spreading rate 
of .4 cm/yr across the mid-Cayman spreading center since the 
Eocene accounts for approximately 200 km of left-lateral dis- 
placement between the Cayman Ridge and Nicaraguan Plateau. 

The geologic histories of the ridge and plateau differ slightly 
after the Eocene, but general subsidence, at an average rate of 
6 cm/1000 yrs, caused progressive restriction of carbonate banks 
and reefs to a few isolated islands and algal pinnacles. 


) 


The pre-Cretaceous history of the Cayman Trench has been 
®5ctrapolat ed from the Paleozoic - Mesozoic geology and structure 
of Central America and Cuba, while the Cretaceous to Recent 
evolution of the trench has been related to the relative motions 
between the North American, South American and Caribbean plates. 
Plate convergence during the Cretaceous caused southerly subduc- 
tion of oceanic lithosphere beneath the ancestral Cayman Ridge - 
Nicaraguan Plateau, which subsequently led to the formation of 
a chain of volcanic islands to the south, along the North American - 
Caribbean plate boundary. Numerous ophiolit e-like outcrops that 
fringe the north Caribbean margin are believed to reflect a Late 
Cretaceous closure of this subduction zone. Early Tertiary 
left-lateral shear and tensional stresses along this plate 
boundary split the Cayman Ridge from the Nicaraguan Plateau and 
a small spreading-center was created in the rift. Declining 
isotherms beneath the ridge and plateau caused general subsidence 
and local tectonic re-equilibration in the Late Tertiary. 

Key words: Cayman Trench, Caribbean geology, spreading center, 

subsidence, radiometric ages, plate tectonics, petrology. 
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TABLE #1 


Positixon Deptli Roc)c Typi^s Rpoovc*ir*p<i 
(m) 


EASTERM CAYMAN TRENCH 


E435 


19®28'N 

75°36’W 


E4 36 


19°30'N 
76^03 'W 



4100 


4000 


3. 

E437 

19031 'N 

76°01'W 

3400 

4 . 

E43P 

19°34'N 
7 6®29'V; 

6600 

5. 

E441 

18®56'N 

76'’45'W 

4250 

B. 

E442 

18°52'N 
76°44' W 

2425 

7. 

E44 3 

18°5n'N 
76®43 'W 

2300 

8. 

E650 

19°07. 5'H 
81°46. 5' W 

2196- 

2075 


’ porphyritic with sodium enriched plagioclase phenocrysts 
and olive-green amphihole set in a fine <:vainod cj^/s 11 ' n^' matrix 
with minor chlorite, sericite and opaques, chlorite major alteration 
phase in many samples. 


Meta-basalts, greenschist, with relict plagioclase, and pyroxene alter- 
ed to uralite, chlorite and sericite, epidote and chlorite groundmass. 
Granodiorites, medium grained phaneritic with zoned plagioclase, amphi- 
bole, o.*thoclase, quartz, alteration minerals, chlorite, sericite and 
epidote, minor opaques. Meta^vrndiorites , low grade metamorphism, major 
Pl^S^oclase, quartz, hornblende, orthoclase, chlorite, minor epidote 
and opaques. Meta- igneous rocks, with major chlorite and relict plag- 
clase, minor quartz and opaques; Metadacite, porphry with sericitized 
plagioclase and relict pyroxene altered to chlorite and epidote, embayed 
quartz set in fine matrix of plagioclase and chlorite, minor opaques; 
Meta-volcanics intensely altered to chlorite, epidote, with relict 
plagioclase; altered tonalite, w/plagioclase , quartz and opaques, 

Cataclatic and sheared granodiorites , with major rounded and broken 
fragments of quartz, plagioclase, orthoclase in a matrix of chlorite, 
epidote and fine pieces of plagioclase and quartz; Grade of metamorphism 
and cataclasis varies from minor to a granodiorite breccia composed of 
rounded and angular fragments of granodiorite, quartz, orthoclase, and 
plagioclase set in a matrix of chlorite and epidote, chlorite and epidote 
often in anastomizing veins or aggregates. 


Fresh granodiorite, medium grained, phaneritic, major plagioclase, quartz 
amphibole, orthoclase, chlorite, with minor epidote and opaques, amphibol^ 
altered to chlorite; K-Ar 83j_2 M.Y. tonalite. ' “ 


Sheared fine-grained chlorite schist, with major chlorite, quartz, 
plagioclase ?nd orthoclase, chlorite pseudomorphic after amphibole. 


minor opaques. 

Manganese plates and manganese encrusted limestone and coral. 


Manganese plates, 10 cm thick and large nodules, limestone in plates 
and serpentine fragment in one nodule; also recovered fragments of lime- 
stone and coral. 


Manganese coated sea-biscuit; organics. 





No. 


CAYMAN RIDCF 


Dredge Position Depth Rock Types Recovered 
No. (m) 


21716 18‘’33.8'N 3950- 

83°02'W 3100 


10. 

21721 

18°46. 5 'N 

1089- 



83°08'W 

890 

11. 

21717 

18°46.2'N 

290- 



8 3® 12. 2' W 

52 

12. 

21718 

1 8® 4 7 ' N 

56- 



83®12. I'W 

4 5 

13. 

21719 

18®46'N 

575- 



83® 12. 5' W 

162 

14. 

21720 

1 8® 4 3 . 5 ' N 

896- 



83®12.5’W 

792 

15. 

21714 

18®31 'N 

2416- 



83®15' W 

2377 

16. 

21713 

18®31.9'N 

1796- 



83^23. 7'W 

' ■ 

1611 


fallow water fossiliferous micritic limestone ( Eocene-0 Igocene 1 ; 

Deep water fossiliferous micritic limestone (Miocene); Dacite with 
embayed quartz phenocrysts, skeletal zoned plagioclase phenocrysts, 
biotite, chlorite and opaques in a fine granular felsic groundmass 
with microlites of plagioclase; Greenschist, with chlorite, epidote, 
and sparry calcite; Meta- vol canic with embayed quartz, sericite'zed 
plagioclase, sanidine biotite altered to muscovite and cJilorite, 
minor opaques and apatite. Green shale; P,e.d^jTV''en con-1 ori^ratic muds; 
Coquina. Rhyo-dacite with equal amounts of sanidine and zoned plag- 
loclase, embayed quartz, in a microcrystalline groundmass of chlorite 
leldspar, quartz and opaques, accessory apatite. 

Limestone; Deep and shallow water corals; Coquina; Sponges. 
Sea-biscuits; Algal balls and living corals. 

Algal limestone; Coralline limestone; Coquina; Algal balls; Sponges. 

Coquina; Coral and algal reefy limestone; Brittle stars; Sponges, 

Bored limestone; Pelecypod shells. 

Reefy limestone, siliceous spicules and sponges, living matter. 

Andesite (Keratophyre ) , sub-ti’achytic with phenocrysts of sodic 
plagioclase and green euhedral hornblende; lesser zeolites, opaques 
and chlorite; Amygduloidal dacite porphry, plagioclase and hornblende 
phenocrysts in a fine felsic matrix with minor epidote, chlorite and 
opaques; Mudstone with secondary calcite veins; Fossiliferous micritic 
limestone(Plio-rieistocene) ; Altered glassy volcaniclas tic , contorted 
lenses of chlor. ire with epidote, plagioclase and sediment; t’olcanic 
breccia containing pieces of keratophyre, quartz, greenschist volcanics, 

Mudstone with secondary sparry calcite; Red graywacke containing 
angular to subrounded fragments of plagioclase, hematite, ferruginous 
material, set in a red clay matrix; Fossiliferous calcaren'ie, 
containing micritic limestone clasts, shallow water fossils, plag- 
loclase and epidote ;-rains; Meta-basalt, porphyrytic, spillite, 
Phenocrysts of sodic plagioclase set in a granular matrix of epidote 

O and chlontr with mi^or opaques; Arkosic breccia, ri cJ n 


ORIGINAL PAGE IS 
OF POOR QUALITY 


No. Dredge Position Depth Rock Types Recovered 
No. (m) 


CAYMAN RIDGE 


plagioclase with fragmental tuff, basalt porphries and secondary calcite 
Micritic foraminiferal limestone ( Plio-Pleistocene ) ; Deep water corals; 
Calcarenite, well sorted, interbedd^'d with calciliitite; Greenschist 
volcaniclastic 'with abundant granular epidote and fragments of 
plagioclase, fine grained volcanics, zeolites, tuff, sanidine; 

Calcaren.' *'es show various degrees of recrys tallization . 


J 7 . E651 18°32'N 3500- Lithic wacke with fragments of quartzite, metamorphic rocks, volcanics, 

83®27'W 3M00 sodium enriched plagioclase, liornblende , pyroxene and calcite, secon- 

dary quartz veins; Merocrystal line porphyritic basalt with glomero- 
phenocrysts of plagioclase and pyroxene, epidote pseudomorphic 
after pyroxene, amygdules filled with penninite, feldspar and quartz; 
Mudstone; Meta-basalt with plagioclase phenocrysts in a micro-crys- 
talline groundmass, relict pyroxene altered to epidote, plagioclase is 
sodium enriched; Sheared volcaniclastic, witl> fragments of tuff, 
chlorite, muscovite, epidote, clinozoisite , plagioclase, augite, 
amphibole ; Meta-volcanics , with chlorite, epidote and devitrified 
glass. Pyroxene wacke; with abundant fresh euhedral to subhedral 
clinopyroxene in a matrix of quartz, chlorite and clay, minor glau- 
conite, foraminifera , opaques, mudstone, volcanics, oxidation of 
opaques is common; shallow water foraminiferal limestone (Mid Eocene). 

Greenschist metamorphics , with major chlorite and/or epidote, variable 
amounts of quartz, plagioclase, limonite and opaques; Mica schist 
with muscovite and chlorite, minor quartz, limonite and opaques; 

Gneiss, quartzo-feldspathic, with chlorite, limnnite, granular 
opaques; Dacite composed of acicular to tabular phenocrysts of plag- 
ioclase in columnar or radial aggregates, quartz, potassium feldspar, 
minor chlorite, apatite and opaques; Siltstone predominantly of 
limonite clay with minor quartz and plagioclase ; Lithic graywacke 
with fragments of tuff, schist, gneiss, volcanics, clay, quartz, 
plagioclase, opaques in a clay and chlorite matrix. Metagabbro composed 
of altered plagioclase, chlorite and penninite replacement of mafic 
minerals, scattered opaques. 


18. E653 18°21'N 5000- 

83®27'W 4650 “ 


19. 21708 18®26'N 1528- Basalt, with clinopyroxene, plagioclase and serpentinized olivine 

83°27.8'W 1350 phenocrysts in a mero-crystalline groundmass of plagioclase epidote, 

chlorite and calcite; Deeply weathered breccia with fragments of mud- 
stone and basalt in a fine grained marly matrix; Mn-nodules and 
encrustaceans , siliceous corals, pteropods and bryozoans. Silty 
arenite with convolute bedding, epidote rich and opaque layers, fragi*-,-, . 


CAYMAN RIDGE 


No. Dredge Position Depth Rock Types Recovered 
No. On) 


20 . 


21 . 


22 . 


23. 


21711 


21709 


21710 


21722 


ments of plagioclase and basalt, clay cement with minor calcite 
and ferrugenous matter 

18®30'N 1640- Metavolcanic (Keratophyre ) , with fragments of subhedral to anhedral 

83°31'W . 1590 sodic plagioclase, finely desseminated calcite, epidote, talc with 

minor opaques and ferrugenous material in bands, microlitic groundmass; 
Amigdoloidal metavolcanic, with abundant epidote and chlorite, 
amygdules filled with calcite and chlorite, trachytic fabric is evident. 
Fossiliferous micritic limestone, (Flio-Pleistocene) ; Meta-Andesite 
with chloritized plagioclase phenocrysts, epidote and penninite rep- 
Hv-irement of matrix, in contact with manganese covered recrystallized 
limestone containing basaltic fragments, parti;<?ly phosphatized . 


18°27,5'N 2150- Mustone; Limestone (Miocene); Micritic Limestone ( PI lo-Pleistocene ) ; 
83®35'W 1840 Calcareous mudstone with opaque layers, scattered mineral grains and 

sulphides, most are Mn encrusted. 


18®26.8'N 3200- Tuffaceous volcaniclastic lapilli tuff composed of drop-like glass 
83°35'W 2750 particles surrounded by a brown alteration mineral, the groundmass 

IS glassy and microlitic, folding is evident; Mica schist, composed 
of platy micaceous minerals surrounding larger fragments of plagio- 
clase Qnd opaques, veins of calcite and epidote, also inter-granular 
quartz and epidote; Fossiliferous micritic limestone ( Plio-Pleistocene ) ; 
Cataclastic gneiss with granular quartz and plagioclase, biotite, 
penninite, interstitial opaques, secondary carbonate , possible 
sheared plutonics. 


18®17'N 2410- Marble, recrystallized algal limestone with macrofossils, (shallow 

83®45'W 1800 water); Lithic tuff containing pieces of subhedral plagioclase, 

andesite ( lateratized) , limestone, lithic arenite, basalt, volcanics, 
minor opaques (oxidized) , and veins of chlorite and laic, matrix 
varies from microcrystalline trachytic to glassy; meta-volcanic con- 
sisting of lath shaped plagioclase phenocrysts and radial aggregates 
of epidote and clinozoisite in a microcrystalline felsophyric matrix, 
minor chlorite, calcite, sericite and opaques; Weathered conglomerate 
with quartz, tuff, limestone, granitic plutonics, arenite, in a 
cal'^areous cement; Adamellite composed of equal amounts of plagioclase 
and crthoclase , quartz, with minor chlorite, epidote, clinozoisite 


CAYMAN RIDGE 


Dredge 
No. 


Position 


24 


21724 


18®19.5'N 4700- 
83°47.6'W 2000 


25 


21726 


18®21'N 

83°45'W 


2600- 

2055 


26. 


E65 7 


18°24'N 1100- 

84°02.5'W 800 


Rock Types Recovered 

altering clay vt^rirtrJriBophyr?" 

?rcHy;?c?ri:gfrcr/sf PH n„y 

U:i^;inrw[trrrc^n:-.T:^;:r^Hario2'’ra^^^ forays. 

Vesicular meta-basalt, v.t^phyric 

ra?ed°nxi::Tt.:S’’ipa"que? ^ft^L^pevitrif le^d 8^-=^ 

-rura;ip:ep;crliaj!"^ p 

pblnocJystrorpLgioola^e in ^granular xeno^ 

E^iranir?:.’; ::n?s:^rp;tt?::"ri^irsjrsepatep« 

:trro^isitir;^^iariSofu-^:iit:;irs:^r‘-^ sbaray 

groundmass . 

Manganese encrusted limestone; ««« •’EtEglocuEef EiEor^EErt"! 
angular fragments ”f-°l'=*"^nic”n?:^onrc"’rEi-riack opaque ric?. 
calcite “-^^i.^EcEiuc El?E pieEccEysts of plEgloclase 

and'^quartz with minor amounts of biotite, ’^°{!gEation''of 

KuoEhrric'EEEiEEniEE S«EE;’sEE-E"Ese^, 

and/or siltstone. 

X 1. Tr.nn ctaingsd fossiliferous shallow water 

(Recent) limestone and coral; (Miocene), 

limestone with abundant opaques and calcit , g 


No. 


Dredge Position Depth Rock Types Recovered 
No. (m) 


CAYMAN RIDGF 


27. 

E659 

18®17.4’N 
8'4°02. 8' W 

2300- 

1985 

28. 

E663 

18®15. 5'N 
84®04 . 8'W 

4800- 
4 2 00 

29. 

E660 

18®20. 5'N 
84°05.6'W 

3200- 

3000 

30. 

21728 

18®17. 5'N 
84°25'W 

1500- 

1400 

31. 

E1105 

18®21'N 

84°39.6'W 

2000- 

1600 

32. 

E1091 

18°06'N 

84051’W 

3070- 

2950 

33. 

E1093 

1 8® 0 7 . 2 ' N 
84®51.5'W 

1770- 

1000 

39. 

E1092 

18®in'N 

84®53'W 

2540- 

2190 

35. 

E109'4 

18®07' N 
84®53'W 

1612- 

1225 

36. 

E1096 

18®09'N 
84®54' W 

2490- 

2126 


Fossi] i ferous micritic limeston*’ (Miocene); foramini feral chalk (F.arly 
Miocene); fossiliferous tuff (Mid Miocen'*). 

Me ta- volcanic , with acicular and tabular plagioclase relicts and 
abundant chlorite and fine granular epidote. 

Medium grained meta-dolerite , altered plagioclase, calcite replacement, 
and chloritization of mafics, minor opaques and ferrugenous material. 
Volcanic wacke composed of fragments of tuff, quartz, plagioclase, 
chlorite, volcanics, penninite and epidote, shows bedding; Tuffaccous 
silty mudstone, with abundant opaques and polycrystalline quartz, 
possibly chert nodules, bedding evident. 

Semi -consolidated ooze; Fossiliferous 1 imestone( Plio-Pleis tocene ) . 


(Miocene) marl and chalk, massive with manganese crust. 


Grandiorite composed of phaneritic plagioclase, orthoclase, quartz, 
hornblende and apatite, minor epidote, monazite, biotite, and opaques, 
6*4 + 10 M.Y. ; Meta-granodiorite with sericitized deformed plagioclase 
laThs, biotite and hornblende altered to penninite and epidote, 
accessory apatite, opaques, secondary calcite; Mudston^; (Pleistocene) 
ooze; manganese crust. Granodi orite , very fresh, 59.1 ~ 3.7 m.y. 

Manganese encrusted fossiliferous indurated siliceous oozes; two inch 
thick manganese crust; Light brown ooze, ( Cocene-Oligocene ) ; Indur- 
ated phosphatized calcareous ooze, (Miocene); Fossiliferous limestone,. 
(Eocene-Miocene) , shallow water. Late Pliocene (deep water). 

Friable tan fossiliferous calcarenite with Recent forams; Recent feuna. 


Manganese encrusted indurated light brown ooze, (Pleistocene); 
Recent corals and sponges. 

Manganese encrusted ooze; siliceous sponges. 




Dredge Position 
No- 


E1097 


E1099 


^Jn)^ Types Recovered 


CAYMAN RIDGE 


E1096 


18”05.5'N 3050- 
89®53. 8 ’ W 2620 


18®06'N 2300- 

89054 . 5'W 1780 


E1098 18°04.5^N 3287- 

0 ® O ^ ^ r ^ 


52'W 2350 


18O04 ' N 
84°52' W 


4500- 

3700 


^Pdnoflxorxte % r on • 

hornblende, minor blotite nnd^oprquif*^*IlfJ‘"’®’ '“'’thoclase , qiiertz, 
icilrzed end .euee„rltil,d p?eg?o 2 u,; '=«- 

minor opaques; Adamellite with equal am^u.^troj"''^'"’*’ -chlorite, 

and orthoclase, minor biotife, chlori.n a quartz, plagioclase 
calcareous breccia with I’lio-Plelst^^L Tf'’"''’' ''hcsphatized 
encrusted; Tremolite-actinolite sJhi^rwl?i'’C °"if ">anKanese 

chlorite, biotite, muscovite oLr?, J ^ variable amounts of 
Phyllite schist with minor tr^molite qiartT Antho- 

hand specimens show planer linear fahe?e^ * 5 ’ "**’**f dh** opaques; 
firanodiorite 59.8 i I .3 m.y. conposxtiop.-,! banding. 

indurated’^nd manga^eL (Miocene) fossils, 

(Eocene-Oligocenp) , shallow water Orhfx* limestone, 

carbonate shelf or bank. Orbxtoxdal Ixmestone (Late Oligocene) 

by chloSje),“qiar“rminor®apati?ranroD''‘*“^ hornblende (replaced 

ch^oritTand a'^^ti fe'-^San'L'’"*'’''’ wi^'abuni’nM^^ierte''" 

phosphatlzed. ’ "^"Sanese encrusted limestone (HioceneU 

altered to*blotite and'^chlorfte'^'min ’ quartz, hornblende 

hOi;; H.Y.; Alteration oFeraiodiori Je^ aircon. 

orthoclase to kao)inite mifir«s ^ common, plagioclase to sericite 

schist, composed of Platey' chlorite^af te^^^Lh chlorite; Chlorite 
tallxne groundmass of quartz alhiL a m a microcrys- 

?f 9 -artz, Plagioclase? orthoclase^^^^^ compost 

in a platey fine matrix of chlorite and » i f •* *^^^"*^zoisite , 
wxth schists or banded, often contain interbedded 

Tremolxte-actinolite, biotite schist ^ . ^"«»Jnts of hematite; 

qnartz, albite and opaquerBg*? wxth mxnor epidote, apatite, ’ 

Phrytxc with zoned skeletal pTagrocia«,i » blastopor- 

of quartz, feldspar, biotite, spJ,en? ^.io f /'^"^o^’Pbic granular matrix 

opaques; Red mudstone; Manga-ese encrustatf^^^ ’ zircon and 

nerxtxc Ixmestone. k - - encrustatxons ; Olxgocene-Miocene 


CAYMAN RIDGH 


Dredge 

No. 


E1104 


FllOO 


Elini 


Position Depth Rock Types Recovered 

Cm) 


Fossiliferous calcarenite, ( Cocene-Oligocene ) ; Altered plu'tjonic, 
possibly a granodiorite with plagioclase, kaolinitized orthoclase, 
minor opaques, apatite, extensive chlorite and calcite rep] acei ent ; 
Volcanics (Dacite-Andesite) , sericitized phenocrysts of plagioclase 
and some with embayed phenocrysts of quartz in a vitrophyric chlor- 
itized groundmass, minor epidote, relict hornblende and opaques; 

Altered red volcanics with relict plagioclase, polycrystalline quartz, 
limonite and hematite in a fine micaceous groundmass . Oreenschist vol- 
caniclastics often highly oxo*dized^ fornmini feral limestone (Late 
Paleocene ) . 

Silic ^fied and phosphatized limestone with manganese crust and 
dendrites (Miocene); Calcareous breccia containing fragments of lime- 
stone, red tuffs and volcanics, plagioclase, quartz and fossil fragments 
(Oligocene); Vitrophyric volcanics, containing embayed quartz, sub- 
hedral sodium enriched plagioclase, hornblende, orthoclase, limonite, 
hematite, magnetite and epidote in a matrix of polycrysta 1 line quartz, 
plagioclase micmlites and altered glass; Crystal tuff, with major 
embayed quartz, minor chlorite, zeolites, relict amphibole with opaque 
coronas, feldspars am subtrachytic in a perlitic matrix; Red meta- 
basalt with euhedral to subhedral phenocrysts of sodium enriched 
plagioclase, subhedral to anhedral cli nopymxene , epidote, clinozoisite , 
opaques, minor zeolites, orthopyroxene, olivine ( iddingsite ) , jienninite, 
in a merocrystal] ine microlitic groundmass containing finely dessem- 
inated magnetite and hematite; Meta- volcanic (greenschist ) composed 
pmdominantly of euhedral to subhedral granular and radial epidote 
and pol''crystalline quartz with minor embayed quartz, piedmontite, 
plagioclase and mlict pyroxene, with accessory apatite, hematite, 
and chlorite, hand specimens show successive lava flows, many of the 
volcanics are opaque rich; Marble in contact with qtiartzite, ( decent) 
limestone . 

17°55.S'M 26U5- Silicified limestone; Tballow water limestone bmccia; Volcaniclastic 
85®27'W 2265 (crystal tuff) with puO’\ocrysts of stibhedr?! fractumd sodium enriched 

plagioclase and embayed quartz, relict hornblende and pyroxene, being 
altemd to chlorite and opaques, minor tuffaceous fragments, and 
opaques in a groundmass of plagioclase, fine opaques, polycrystalline 
quartz and altered glass; Red volcanic (Pacite) with high percentage 
of opaque al teration coronas and finely disseminated hematite in 
groundmass, plagioclas'^ phenocrysts, embayed quartz, minor epidote, 
piedmontite, apatite, hornblende in a crypto-crys ! all ine glassy ground- 
mass; 'Flow evident in hand specimen and tliin section; Orb’itoidal 
limestone (Ivite Cretaceous), shallow shelf or’ bank. 


10°O1.5'N U256- 
85®01.5'W 3600 


17®57.8'N 3250- 
85°27.5'W 2891 


No . 


NICARAGUAN PIJVTEAU 


Dredge Position Depth 
No . (ri) 

44. E1071 18°01'N 1763- 

79®07. 8 'W 1472 


45. 

L10 72 

18®02 'N 

2994- 



79®11' W 

2515 

46. 

E1073 

17°54' N 

3300- 



79® 50 'W 

2700 

47. 

E1078 

17°45. 5'M 

2990- 



80®58 'W 

2155 


48. E1079 17°48'N 3680- 

80°54.2'W 3100 


49. E1080 17'’45.2'N 3400- 

81°W 3240 


50. E1081 17°45. 3'N 2621- 

80®59'W 2598 


Rock Types Recovered 


Red-brown arenites and conglomerates j Red lithic arenites composed 
of fine grained, well sorted fragments of plagioclase and quartz with 
minor glauconite, calcite, serpentine; Lithic conglomerate composed 
of ron.oded to subrounded fragments of andesite, basalt, limestone, 
euhedral grains of plagioclase and augite, minor fi'agments of quartz, 
clay and calcite, ferrugenous and secondary calcite cement; Limestone; 
Arenites are often friable and bedded. 

Semi-consolidated Globigerina ooze (Pliocene-Recent). 


Arenites, semiconsolidated , friable with variable carbonate content ; 
Marly limestone; Hicritic limestone with burrowing evident. 

Siltstones, limestone, arenites and consolidated ooze with forams and 
pteropods of (Pliocene-Pleistocene) age. Calcarenite with fragments 
of plagioclase, quartz, epidote and opaques; Water laid tr.ff containing 
plagioclase, quartz, chlorite, chert, recrysta) iized forams and opaques. 

Argillite with evidence of convolute bedding a.-^d f lowage ; Consolidated 
ooze; Greenschist volcanic with uralitized pyroxene, zoned plagioclase 
laths and aligned chlorite and epidote in a fine matrix of poly- 
crystalline quartz and feldspar; Interbedded and graded argillites 
and arenites with variable carbonate contents; Biopelmicrite , partislly 
recrystallized; Calcilutitite. 

Partially altered andesites with euhedral plagioclase (replaced by 
sericite) and augite set in a fine grained matrix of microlites and/or 
glass being altered to chlorite, plagioclase is glpmeroporphyritic, 
minor zeolites, clinozoisite and opaques, extensive secondary quartz, 
apidote and calcite veins; Some are amygdoloidal . 

Fossiliferous micritic limestone; Greenschist volcanics with embayed 
quartz phenocrysts , replaced and altered plagioclase and pyroxene, 
very fine matrix of microlites and altered glass; Volcanics 
( Andesite-Dacite ) with minor phenocrysts of plagioclase, quartz and 
pyroxene, red altered bands of opaques common, flow textures in hand 
specimens. Sheared tuffaceous volcaniclast ic breccia with fragments 
of calcilutite and volcanics; Secondary sulphides as a minor phase. 












NICARAGUAM PI.ATHAU 


No . 

Dredge 
No . 

Position 

Depth 

(m) 

51. 

E1082 

17°47'N 

80°59’W 

2500- 

2390 

52. 

E1083 

17®47' M 
80®56'W 

2506- 
19 00 

53. 

E1085 

17° 30 'N 
83°00. 5'W 

4000- 

3725 


Rock Types Recovered 


Small fragments of volcanics and limestone. 


Fossiliferous micritic limestone; Consolidated ooze, bioturbated ; 
Quartz arenite composed predominantly of fine angular quartz in a 
secondary sparry cal cite cement with lesser fragi^ents of plag- 
ioclase, uralite and opaques; liaminaled semiconsolidated siltstone 
with calcite cement; some cherty zones; bimestone nodules, with 
centers silicified.^ chalky marl (Iiate Oligocene) deep water. 

Fossiliferous micritic limestone; Arenites with angular well sorted 
quartz, orthoclase, plagioclase, and minor chlorite, opaques, fossils, 
glauconite and volcanics all cemented by calcite and silica; Calci- 
lithite, with mineral grains and fragments of limestone, wacke, shells 
and fecal pellets; Breccia with plagioclase, orthoclase, quartz, 
microcline, tuff, basalt, arenite, minor chlorite, peroyskite, opaques 
in a secondary calcite cement; Bioclastic (Oligocene) limestone; 
Laminated graywacke with fragments of minerals, volcanics, shells and 
microfossils; Argillite. 


5U. E1086 


17029, 8'N 5000- 
83°05'W UOOO 


Interbedded siltstone and ca 1 c i lut i tes , with fossiliferous calcareous 
fragments interbedded with silt and clay size grains; Turbidite-type 
rocks: Litharenites , Graywackes , Red lithic graywacke; Microbre-ccia ; 
many of the ro''ks have significant percent carbonate particles and ^ 
cement. Sedimentarv rocks generally contain granitic and metamorphic 
detritus; Red wacke with fragments of plagioclase, quartz volcanics, 
mica schist, quartzite, opaques in a red clay and carbonate matrix. 


55. E1087 17°30.5'N 5500- Red feldspathic graywacke, showing convolute bedding and poor sorting 

83007. 3'W 4900 of angular mineral grains of predominantly hematite and plagioclase with 

minor chlorite, quartz, calcite, clay fragments, orthoclase, muscovite 
and volcanics; Conglomerate containing pieces of mica schist, limestone, 
quartz, microcline, uralite, plagioclase, graywacke, chlorite schist 
and opaques in a microcrystalline matrix of quartz and feldspar;^ 

Lithic tuffs with angular fragments of quartz, plagioclase, calcite, 
talc, graywacke, glass shards, orthoclase and minor clilorite, 
uralite, epidote, perovskite, penninite, fossils and opaques in an 
altered matrix of glass and chlorite, often veined with secondary 
calcite with minor barite; Wackes and breccia with extensive red 
weathering. Breccia contains fragments of schist, granitic rock. 


No. 


NICARAGUAN PLATEAU 


Dredge Position Depth Rock Types Recovered 
No. ( m ) 


calcite, polycrystal 1 ine quartz; Melasediments : arenites and argillites 
• with linear fabric; shearing and recrystallization of matrix. Many 

of these appear to be turbidites. 

56. E698 17°26.4'N 5423- Graywacke with angular unsorted grains of quartz, plagioclase , ortho- 

83®12’W 5267 clase and minor muscovite and opaques set in a fine matrix of clay, 

mica and quartz, some graywackes show convolute bedding while others 
are finely laminated; Quartzose arenite with minor fossils (recrys- 
tallized), plagioclase, volcanics and opaques; Quartzite, composed 
of fragmental recrystallized quartz in a polycrystalline quartz 
groundmass with minor bands of opaques; Limestone with minor pieces 
of graywacke ; Bedded graywacke with quartz, volcanics, plagioclase, 
muscovite in a calcareous cement. 


57. F699 17‘’24'N 4500- Bedded lithic graywacke, with angular unsorted fragments of quartz, 

83°14'W 4400 plagioclase, orthoclase and quartzite, minor volcanics, muscovite, 

and opaques in a marly calcareous cement; Graywacke with angular 
quartz, plagioclase, orthoclase, muscovite and opaques set in a clay 
rich matrix; fossiliferous graywacke (Eocene-shallow water); Cal- 
carenite; Calcili thite ; Calcareous conglomerate (Oligocene) minor 
quartz, orthoclase and plagioclase ; Quartz arenite with microcline, 
quartz, muscovite, and plagioclase. 


58. 

E700 

16'’52. 8'N 

1642- 



82”52. 8'W 

1400 

59. 

E1088 

17®34.1 'N 

5300- 



8 3° 39. 5' W 

4850 


60. E695 17°29.1'N 3400- 

83°44'W 3050 


Miocene and Pliocene semiconsolidated ooze and marl. 


Recrystallized fossiliferous limestone, with minor opaques and 
quartz (L.K.f); Fossiliferous calcilutites with minor opaques and 
quartz; Ttiff with mineral, rock, calcite and fossil fragments; 

Micritic limestone with fossils and minor quartz, feldspar, tuff 
and opaques; Interbedded calcilutites and caicarenites that show 
the effects biotiirbation , fine grained laminated limestone 
(Early Miocene). Cataclasis evident in some samples. 

Calcarenite, with minor fragments of quartz, glass shards, plagioclase 
and fossils; some caicarenites show bedding, and significant amount 
of glass shards; Recrystallized fossiliferous limestone with minor ^ 
quartz, pi agioclase ,and opaques (Plio-Pleisto) . Limestone, foramini feral 
deep water (Early Miocene); laminated limestone (late Oligocene) deep 
open sea; laminated fossiliferous tuff (Early to Mid Miocene); 
laminated tuffs. 



NICARAGUAN PLATFAU 


No. 

Dredge 

No. 

Position 

Dept h 
(m) 

61. 

£696 

17®29.5'N 
8 3°'»3'W 

3400- 

3300 

62. 

E69 7 

17®27'N 
83'‘'4 3' W 

2250- 

2000 

63. 

E1090 

17®13.5'N 
84°51' W 

3500- 
34 30 


Rock Types Recovered 


Calcarenites 
Fragmental 1 


: Fossiliferous limestone, ocen-sea (Early Miocene); 

imestone ,’ Neop,ene (probably Oligocene-Miocene ) deep open sea 


Fossiliferous micritic limestone ^ V 
recrystallized; Calcarenite, with prominent graded bedding (Neogene), 
Foraminiferal limestone (Early Miocene), deep open sea. 

Poorly sorted graywacke ; Arenites interbedded with argillites that 
show graded poor bedding; Laminated 

friable argillaceous tuff; Sediments appear to be turbidites and contain 

microfossils, of Oligocene age. 







No. 

Dredge 

No. 

Position 

Depth 

(m) 

6 5.. 

E642 

19”08'N 

79°09.6'W 

6900- 

6500 

66. 

E643 

19°13'N 

79°11.9'W 

7100- 

6800 

67. 

E644 

19®01.9'N 
80°12. 7'W 

7137- 

7000 


68. 

E64 5 

19®01. 5'N 
80°07' W 

5880- 

5600 

69. 

E646 

19°10.9'N 

80®19.6'W 

6350- 

6200 

70. 

21697 

18”N 

80®27'W 

4500- 

4470 

71. 

21698 

18®05.5'N 

80®24'W 

2875- 

2775 


Rock Types Recovered 


MID-CAYMAN SPREADING CENTER 


Serpentinized peridotite with anhedral fragments of bronzite, 
magnetite and talc. 

Serpent ini te . 


Graywacke, finely bedded, ferrugenons, compo?;ed of angular fragments 
of plagioclase, muscovite, serpentine, pyroxene and quartz in a clay 
matrix; Various serpenti nites commonly with magnetite, talc, bronzite 
and relict clinopyroxene which may show cataclastic and sheared 
textures; Serpentinized peridotites, with fresh and relict clinopyroxene, 
spinel, penninite, orthopyroxene and minor amphibole, perovskite, 
magnetite and talc> (after olivine). 

Serpentinites , with relict pyroxenes and scattered magnetite and opaques; 
Serpentinized peridotite; Holocrystalline basalt composed of phen- 
ocrysts of plagioclase and pyroxene set in a groundmass of 
plagioclase and pyroxene, with minor actinolite-hornblende , mica? 
talc (after olivine) as alteration products, minor opaques. 

Weathered manganese encrusted basalts; Merocrystalline porphyritic 
amygduloidal basalt with lath and tabular shaped phenocrysts of 
plagioclase set in a fine grained groundmass of aci lie plagioclase 
and granular pyroxene, minor iddingsite pseudomorphs after olivine, 
amydules filled with secondary minerals, opaque rich matrix ; plag- 
ioclase is zoned and may enclose spinel fragments. 


Small fragments of volcanic rock. 


Meta-dolerite, greenschist, subophitic contains sodium enriched 
plagioclase phenocrysts in a medium grained groundmass of plagioclase 
and clinopyroxene altered to uralite and chlorite, plagioclase 
saussuritized, also interstitial chlorite, epidote and clinozoisite , 
minor opaques; Vitrophyric basalt, with phenocrysts of plagioclase, 
and diallage in a glassy matrix with granular augite and plagioclase 
microlites, minor chlorite; Dolerites exhibit chilled outer margins. 
Gabbro with predominant anhedral plagioclase, lesser intergranular 
diallage and iddingsite pseudomorphs after olivine, alteration of 
pyroxene to hornblende, exsolution lamellae and deformation lamellae 
common; Cataclastic serpentine breccia composed of fragments of fibrous 
serpentine in an anastomizing matrix of talc and carbonate, opaques 


No. Dredge Position Depth Rock Types Recovered 
^ m ; 


MID-CAYMAN SPRFADING CCNTFR 


72. 


21699 


73 


21700 


7U 


E107U 


75 


21702 


18°m.5'N 4000- 
80°10.4'W 2946 


18°17.9'N 3059- 
80®03.2'W 2550 


17°54'N 
80® 34' W 


3900- 

3200 


18®N 

81°35'W 


3060- 

2500 


amphibolite with muscovite, chlorite, 
mMc ’ opaques; Greenschist meta-sefUments , containiriP 

Zl r tvilc, epidote, querlt, fe]dspar and some variabje 

ponphJrebLstlo^"’ are 

epidote, Gabbro composed of sodium enriched 

In- aq-esf a"! 

reJi- JraBmi-s-f Senpentinired peridotite with 

wiih?n Olivine and pyroxene, elongate veins of magnetite 

ni^ai« Meta-basalt composed of sodium enriched 

of ^nd granular cl j nopyroxene in a merocrystal 1 i ne groundmass 

of chlorite, epidote. clinoaoisite and devitnified glass, mill? 

Fossiliferous micritic limestone (Miocene), partially recrvstal 1 i 

variolitL'"aP?^«Far^^ fyagm^nts; Weathered basalt compoLd of 
agg^gates of plagioclase, granular clinopyroxenes 
ci^sta?^?" ^fter olivine, and minor opaques i^rcry^to- 

irililIJire Sub-ophitic dolenite, with sodium er.llcled 

plagioclase, granular clinopyroxene and brown-gold alteration 

(Chlorophaeite) products, some pseudomorpbs of oliCinI 

Serpentinites: Serpentinized limestone with marble-like texture 

serpentine and associated ’ 

ioJlas^and serpentinized dolerite composed of major plag- 

lociase and clinopyroxene and serpentine pseudomorphic after oil vino 

"I" -rpentine';'slr|el?rn?re"-’ 

P- idotite with scattered pyroxenes and opaques, minor sphene. 
rifi^d 'glass”with^^^ (basalt) predominantly composed of devit- 

S;Sr:;>i-r= 

o 


V 

..1 



7G. 

21703 

18°04' M 
8;°40'W 

4313- 

4100 

77. 

21704 

18° 30 ’N 
81®57*W 

3800- 

2340 

7«?. 

21705 

17'»55'N 

81°53'W 

5225- 

4800 


. 79 . 

21706 

18°09'N 
81°42. 5' W 

2420 

• 

o 

GO 

E10 84-, 

17°56'N 
81°56. 3’W 

2435 

2300 


orthopyroxene contents, minor serpentine teln 4-- 

relict pyroxene apd opaques; Talc rock 
with minor opaques. ^ m e» ^axi, 

Foram ooze . 


plJIiL"a;e^phlnoc;^*?s"irrL?rIxo"^ 

brsocTs.^lUTs'iitt C-l—ous 

UmLfone"^'’ ^gWy weathered; Fossiliferous 

D?ar?f meta-gabbroa with coarse crystals of diallage and 

C^o^liudana o^r SerpentinisefgXo; 
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geophysical date leads to a new structural and evolutionary 
model for the region. 

The Cayman Trench is a seismically active submarine de- 
pression in the Caribbean crust which extends 1,600 km from the 
Windward Passage (between Cuba and Hispaniola) to the Gulf of 
Honduras (Fig. 1.). The 120-180 km wide graben-like trough is 
bounded on the north by the Cayman Ridge and by the Nicaraguan 
Plateau to the south. The asymmetrical Cayman Ridge extends 
from the Sierra Maestra of Cuba to within 100 km of the base of 
O the British Honduras continental slope where it disappears 

beneath thick sediment cover in the Yucatan Basin. Its northern 
flank slopes gently beneath the Yucatan Abyssal Plain while 
the precipitous southern escarpment drops abruptly to the 
trench floor. The Cayman Islands, Misteriosa and Rosario Banks, 

and some isolated algal reefs lie near or above sea level on top 
of the ridge (Fig. 2.). 

Seismic reflection profiles show the steep north wall of 
-i' the trench to be virtually sediment free while isolated ponds of 
sediment lie between peaks on top of the ridge (Fig. 3). Seismic 
profiles across the western end of the ridge suggest that it is 
an uplifted fault block with scarps between 30*^ and 40® and minor 
sediment deformation (Falquist and Davies, 1971; Dillon and 
others, 1972; Malin and Dillon 1973). Dillon and Vedder (1973) 
have suggested that the western Cayman Ridge is a rifted and 
rotated continental fragment of British Honduras. East of the 
Cayman Islands toward the Sierra Maestra, the Ridge is less steep 
and progressively more sediment covered. 





e broad Nicaraguan Plateau, extending fro. Honduras and 
••• Nicaragua to southwest ^ 

a series of steps dis • southward through 

eps, disappearing beneath the sediments of the 

rr: " -e south oaii 

““ ™ - -> 

;:: r:: •• »• — 

orms tne western most section of 

^ the southern wal 1 

-oa and Swan deep (SOOOm, lie at the base of the scarp. ' 

: :V - ar irreguxar. bioc. 

and discontinuous aDoean;,n,.« -^ocxy 

appearance as comoarpH e-v ^ 

'-^«‘P^rea uo the steep reeulan 

pogtaphy of the north wall CPinet, 1375) 

Between SQOW and 840w a series of linea- st 
trending ridges and h 

N S rid ^l°or. The 

^<=POS-aphy is symmetrically divided by a 5 OOC 
6.000 m deep V-shaped north-south valley at apor ' 

-- valley connects the east-west deebsTyLTar L":"' 

the northeast wall with those at the base of the southwest walT ^ 

Seismic reflection, bathymetric, magnetic data led Holcomb 

others ( 1373 ) to propose the existence of a mid 
ing center • • ®^d-Cayman spread- 

S nter at this axial valley. Sediment rh-f v- 

^eaiaent thickness, morpholocv 
M.gnetic, (rravT-f-tr u ^ ^ 

C, gravity, heat flow and seismic data an , 

hypothesis. The N-S axial 'a 

-ee of sed- " 

-ee of sediment and have steep slopes -har 

dredging. for 

Seismic reflection profiles show that sediments are thin or 
absend in the central ridges with « , 

flat lying a d- of 

let lying sediments in the valleys (Pig 3, ,r ■ 

I960- Fda a ^ «E“ihg a.nd others, 

’ ^^Sar and others 1^77 • r 

oners, 1971, Ericson and others, 1972) 





Sediment accumulation increases progressively to the east and 
to the west. West of Swan Island, basement is obscured by the 
great influx of terrigenous sediments from the continental margin. 
South of Cuba the sediment also thickens but steep basement 
ridges protrude the cover making dredging possible. 

Seismic activity is generally confined to the southwest and 
northeast walls joined by an active zone corresponding to the 
axial rift valley (Sykes and Ewing, 1965). Assuming the mid- 
Cayman spreading center is a zone of axial accretion, the linear 
deeps in the northeast and southwest are transform faults (Oriente 
and Swan fracture zones respectively). In detail, shallow focus 
epicenters are somewhat scattered in a zone 50 km wide along the 
fracture zones and rift valley. Seismicity is also high where the 
mid-Cayman spreading center intersects the walls of the trench 
and where surrounding topographic features extend into the trench 

(Holcombe and others-, 19 7 3.). 

First motion studies (Molnar and Sykes, 1969) indicate 

predominantly left lateral strike-slip movement along the walls 
of the trench, with lesser amounts of normal faulting. The 
present boundary between the eastward moving Caribbean Plate 
and the westward moving North .^erica Plate is defined by a 
nearly continuous zone of seismic activity in the trench. Estimated 
relative rates of east-west movement along this plate boundary 
vary from around 0.5 cm/yr (Malfait and Dinkleman, 1972; Pinet , 

1972) to over 2 cm/yr (Molnar and Sykes, 1969, Holcombe and 
others, 1973, Jordan, 1975). 
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Heat flow is highest near the mid-Cayman spreading center 
and Orient e and Swein fracture zones. Mean heat flow in the 
Cayman Trench is 2.01 HFU which is significantly higher than 
the 1.46"‘’0.19 and 1.38^0.11 HFU measxired in the Yucatan Basin 
and C-aym^n Ridge respectively (Ericson and others, 1971). This 
value (2.01) is much higher than the world-side average of 
1. 50 HFU but near the value for the active spreading segments 
of the mid-ocean ridge CLangseth and von Herzen, 1972). A 
positive Bouguer gravity anomaly diminishes to the east and west 
along the trench. Bowin (1968) noted that it does not extend 
across the Windward Passage to the Puerto Rico Trench, but continues 
into the Enriquillo Basin-Cul de Sac Trough in Hispaniola. Although 
the floor of the Cayman Trench is in isostatic equilibrixim, Bouguer 
values are slightly lower over the mid-Cayman spreading center 
■ and free air anomaly values are slightly negative suggesting 
a low density root compatible with spreading center. Negative 
free air values were recorded over the eastern end of the trench. 
Bouguer lows have been recorded over the Cayman Ridge and Misteriosa 
B6mk and anomaly values decrease westward along the Nicaraguan 
Plateau (Bowin, 1968; 1976). 

The Cayman Trench is generally magnetically quiet, and is 
characterized by low amplitude (+100 to -150) non-linear anomalies 
that appear to correlate with irregular topographic highs and 
lows (Banks and Richards, 1969; Gough and Keirtzler, 1969; 

Ericson and others, 1972). Recent work suggests that symmetrical 
magnetic lineations form a pattern parallel to the ridges of 
the mid-Cayman spreading center (Mathews, 1974). A 300 gamma 



-6 - 


*sym,etrio positive Mgnetic anomaly has been recorded on the 
south slope of the western-most Cayman Ridge (Fahlquist and 
Davies, 1971). it was interpreted as an ingeous intrusion 
2500-4000 meters below sea level that may outcrop on the south 
side of the ridge. Sough and Heirttler (1369) believe that 

, the magnetic data suggests large irregular stri) 4 e-slip displacement 
P*^*ll*l to the trench. 

Seismic refraction studies (Ewing and others. 1960) indicate 
that the Cayman Ridge and Nicaraguan Plateau are composed of over 
20 km of crustal material overlying mantle with anomalous seismic 
velocities. Significantly, the thi.nnest crust in the Caribbean 
C6 km) is bineath the floor of the Cayman Trench where it overlies 
mantle of normal seismic velocity (8.0-8. 3 km/sec) (Fig. 13 ). 

Ewing and others (I960) concluded that the main crustal layer 
in this part of the Caribbean ranges from 5.8 to 7.2 km/sec with 
velocities increasing with depth. Above this layer is a region 
with great velocity variability which they speculated might be 
a sequence of differentially lithified sediments. However, the 
wide range of compressional wave velocities recorded denies a 

unique geophysical solution for the composition of the trench 
watlls and floor. 

The diversity of rock types recovered by dredging substantiates 
the variability in composition inferred from seismic studies. 

The geology of the Cayman Ridge, mid-Cayman spreading center (MCSC) 
and Nicaraguan Plateau have been determined utilizing previously 
published geophysical data, the depth and composition of dredged 
rocks, the geological sequence of these rocks, paleontologic and 
radiometric dates, stratigraphic evidence obtained from lithic 
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components within the sedimentary rocks, and data from oil 
compamy drilling. 

Although interbedding, intrusion and local tectonism could 
complicate the geology, the lateral correlation of the dredged 
rocks is remarkable. The most striking fact revealed by 
petrographic and chemical analyses is that the rocks recovered 
from the walls of the trench (i.e.. Cayman Ridge and Nicaraguan 
Plateau) represent a completely different petrographic province 
compared to those recovered from the trench floor. The walls 
are composed of plutonic, volcanic, sedimentary . and carbonate 
rocks typically found in island arcs and continental margins 
such as the Greater Antilles and Central America. In contrast, 
the mid-Cayman spreading center is composed of mafic and ultra- 
mafic rocks identical to those described from the major ocean 
basins . 

PETROGRAPHY AND STRATIGRAPHY 

Locations, depths of recovery, the descriptions of the rocks 
dredged from the Cayman Trench are too lengthy to be published 
here but are available upon request from the G.S.A. depository 
or the authors. To facilitate discussion of the numerous rock 
types, the station locations were separated into four morpho- 
tectonic regions: Eastern Cayman Trench, Cayman Ridge, Nicaraguan 

Plateau and mid-Cayman spreading center. The rocks recovered 
were divided into eight major types in the schematic strati- 
graphic cross-sections in figures 4, 5 and 6. Each region is 
discussed separately and the petrographic descriptions that 
follow begin with rocks that are stratitraphically lowest or 
intruded into the section. 


Easf m Cayman Trench 

The rocks recovered within the easternmost section of the 
Cayman Trench immediately south of the Sierra Maestra (3400- 
6600m) are predominantly granodiorites » tonalites and basalts 
exhibiting various degrees of alteration and metamorphism (1>2> 
3,4).* Limestone, large manganese nodules, thick m^mgane8e 
plates, and coral were s^Lmpled at shallower depths, on a mid-trench 
elevation, between the Sierra Maestra and Jamaica (5,6,7). 

Fresh samples of granodiorite are medium grained, hypidio- 
morphic-granular and composed of plagioclase, amphibole, ortho- 
clase, and quartz with minor opaques. Chlorite, epidote and 
sericite are secondary alteration products. Many of the grano- 
diorites and tonalites have been hydrothermally altered and some 
also show the effects of cataclasis. These sheared metaplutonics 
are almost entirely composed of chlorite and epidote with minor 
amounts of granular polycrystalline quartz, amphibole, opaques 
and relict plagioclase. 

At two localities meta-igneous rocks were recovered. Some 
are metabasalts with sodium-enriched plagioclase and uralitized 
pyroxene phenccrysts set in a fine matrix of chlorite, epidote, 
sericite and opaques. Others are blastoporphyritic with relict 
plagioclase and pyroxene phenccrysts in a groundmass that is 
often plagioclase-rich with secondary chlorite and epidote 
aggregates. Embayed quartz phenocrysts (xenocrysts ?) also 
occur in these meta-volcanics . On a tectonic high within the 
trench (5), fine-grained chlorite schists outcrop and appear to 

*Numbers in parenthesis refer to dredge station numbers on 
figures 2,4,5 and 6 and in the unpublished appendix. 


be the met^uno^phic equivalent of the granodiorites recovered to 
the north. Thick manganese plates, manganese encrusted lime- 
stones and corals were dredged from shallower portions of the 
sajne escarpment (6,7). 

Cayman Ridge 

West of Sierra Maestra, along the Cayman Ridge, rock types 
become increasingly diverse. However, major rock units and, 
in some cases individual types can be correlated all along the 
ridge. In particular, the limestones prove to be excellent 
time-stratigraphic units. 

Metamorphics and plutonics with lesser amounts of volcani- 
clastics, volcanics and shallow water Late Cretaceous and Late 
Paleocene shallow-water carbonates outcrop along the deepest 
parts 0 2500 m. ) of the Cayman Ridge. Amphibolites, gneisses, 
and micaceous schists (18, 37, 40) were recovered with plutonic 
rocks along the western end of the ridge. Schistosity and composi- 
tional banding are common. A few gneisses (22, 40) have relict 
igneous textures and mineralogies that suggest they may have been 
gramodior it e s . 

Although compositions range from gabbro (18) to adamellite 
(23, 37) the predominamt rock type recovered was a medium to 
coarse grained hypautomorphic-granular granodiorite composed of 
zoned plagioclase, green and brown hornblende, potassium feldspar 
and quartz with minor biotite, epidote, clinozoisite , calcite, 
sericite and opaques (Fig. 7b). Sphene, apatite, monazite 
and zircon are common accessories and apatite may constitute up 
to 5 per cent in some of the more altered samples (39). Greenschist- 
grade metamorphism and cataclastic textures, similar to those 
described south of Sierra Maestra, occur frequently in the plutonic 
rocks . 

1 ;i I M Ji I ]_:i_i i ;ti~ 
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At shallower depths (< 3000 m.), a great variety of inter- 
bedded volcanic, clastic and voloaniclastio rocks outcrop. Sreen- 
schists-facies metabasalts (17. 24, 42) and metavolcanies (9, 

16, 23, 42) were commonly recovered with fresh volcanics but 
exhibit no preferred spatial relations along the ridge. Extru- 
sives range in composition from basalt (17, 19, 29) to rhyolite 
(aplitic) (9) but the majority are andesites or dacites (15, is, 
20, 24, 25, 41, 42, 43). Phenoorysts of plagioclase, pyroxene 
and hornblende are often pseudomorphed during low-grade metamor- 
phism (Fig. 7o). However, potassium feldspar and quarts pheno- 
crysts, which are generally deeply embayed, tend to survive 
alteration (Fig. 7d). Quite a few samples are trachytic or 
subtrachytic (20, 23, 42) and one appears flow banded in hand 
specimen (42). Commonly, the metavolcanies are blastoporphyritic 
with the original mesostasis recrystallised to a fine felsic, 
chloritic or cryptocrystalline groundmass. Many of the volcanics 
are purple or reddish in color due to enrichment of oxidised 
mafic and opaque minerals. These are indicated by the letter "R" 

^ ind 6« At two si.tfis (2 0 2 j , 

two siTres 23; igneous contacts with 

the surrounding units were recognized. 

Pyroclastics C41, 42, 43) exhibit vitroclastic textures 
and many have undergone various degrees of alteration and devitri- 
fication (9, 15, 17, 22, 24, 41, 43). Folded lappili tuffs (15, 22 
have been so altered that only sinuous flakey masses of chlorite 
and a few mineral grains remain in a clay matrix (Fig. 7a). Tuffs 
contain a large lithic component and some ar.' intercalated with 
micro fossil-bearing carbonates and clays ( 24 ). 
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The greeted variety of rook types recovered were sedimen- 
tary and apparently outcrop all along the Cayman Ridge. Volcanic 
breccia, conglomerate, arenite and argillite are ubiquitous and 
primarily composed of igneous fra^ents with subordinate amounts 
of mineral, clastic, metamorphic and biogenic clasts in clay 

matrices. .Von-volcanic argillite, graywacke, arkose and conglo- 
merate are also common. 

Significantly, many of the clastic rocks have "red bed" 
equivalents which are delineated with an "R" in figures 4 , 5 and 6 
The distinction between pyroclastics , vitrophyric lavas and 
erosional^vo^aniclastics Cepiclastics ) becomes increasingly 
difficultnas weathering and alteration become more intense, 
therefore, where a distinction could not be made on petrographic 
criteria alone, the rook was simply called a volcaniolastio . 
CFisher, 1961; Pittijohn and others, 1973 ). 

The clasts that comprise the volcaniolastio and sedi,men- 
tary rooks were probably derived from the older underlying 
voloanios and plutonics. Significantly, course volcanic breccias 
(15, 1$, 23, 24, 25) and conglomerates (23, 24) contain frag- 
ments of rocks sLmilar to those dredged at other sites and some 
that were not previously recovered. Thus, parts of the geologic 
history can be pieced together from clast investigations (c.f. 
lunar breccia stu(iies). 

Carbonaceous matter is a minor clastic component although 
calcite is often a cement. A few of the conglomerates and 
breccias (23, 24, 25) contain fragments of older sedi.mentary 
rocks and limestones (Eocene-Oligocene) and thus have been 
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Pl.cd high.r in th. «tr«igr.phio oolunn.. Although som. 
local stratigraphic .„u«,c.s can b. racognitad. an attanpt 

to rafina tha stratigraphy within tha voloanice and elastics 
on a ragional seal# is difficult. 

^Si:bonata.. Tha dradgad linastonas fall into thraa ™jor gx^ups 
according to dapositional anvironnants = 1 , daap-watar 

opan-ocaan typas. 2 ) shallow-watar variatias, and 3 ) racant 
o.»iconsolidatad carbonatas associatad with living organiss.. 

Sosa ara non-diagnostic of anvironmant or wara undataabla. 

Uta Cratacaous to Oligocana and soma Miocana limastonas ( 9 . 17 , 

33, 33, . 6 , 40, 41 , 43, 42) ara pradominantly biomicritas 
showing partial dissolution and racrystallication of shallow 
watar and maritic fossils. Thay contain small p.rcantagas of 
ol«aa, bryotoa, achinoids, miliolids, lithic and mineral 

fragments and ara characteristic of a shallow, carbonate bank 
or shslf snvirorunsnt. 

Miocene, Pliocene and Plaistocana limastonas ( 9 , is, 16 , 20 , 

30, 33. 41 , 39 , 33 , 3 *_ 4 ,) generally micritic. 
Planktonic coses that may show extensive test and matrix dissolution 
with subse.,uent sparry recrystallisation. There are traces of 
l.rger shell, lithic snd mineral fragments. A few samples show 
the affects of bioturbation and redepcsition of older microfossils. 
Curiously, many of the limestones from the western end of the 
ridge (37, 36, 42 . 43) have been phosphatised, silicified and 
n.anganese encrusted. These li.mestones were recovered with silici- 
fied and phosphatised carbonate breccias that appeared to be a 
crust unconformably underlying the limestone. The Miocene lime- 
stones ara frem either deep, opan-ocaan, or shallow-watar 


environments and i„ some oases appear to be r • • 

between the two (21) One s "^ensitional (nerltic) 

Eooene Mio of 

tocene -Miocene shallow-water and on 

p. . , “Poo-oea pelagio forams. 

Pleistooene to Reoent carbonates are either n , • 

< 16 . IS, 20, 21, 22 26 27 Peleglc ootes 

26 , 27 , 30 , 32 , 34 4^\ 

With abundant shallow-water biologic „.:erial 10^" 0^"°"*^ 

6P°n*es, coral, al*al balls, sea biscuits eoh ' a 

Shells (10, 11, 12, 13 ’ end mollush 

• IJ, 14 ). Deep water corals era . 
recovered from sites 10, 16, 36 , 36. 

In general, shallow-water carbonates were reoo a 

1000 meters from active reef orod • Pe=°vered above 

reef-producing banks such as • 

end Rosario. Below that level n.) • ««terxosa 

with open-ocean e ' essociated 

open ocean environments, were prevalent. 

Miearagu an Platea,, 

Considering the distances Involved ana 
inherent in dredging the t^andomness of sampling 

Of the «• ” h-P*' Side 

eca.aguan Plateau are remarkably si.milar to those from 
the Cayman Ridize 

noticeably absent f " PP-'i- and Plutonic rocks are 

from the stratigraphic section (Fig 5) or 

® and metamorphic sources. Most of the 

rPhics are low-grade greenschists equivalent to s d' 
and volcanics (48 sn> ^ sediments ( 55 ) 

os (46, so recovered at nearby localities or within 
the same dredge haul 

amo ® and c ataclasis is evident even 

ng non-metamorphosed roc.ks. A quart-ite 
necrystalliced quart- • composed of fragmental, 

quartz in a polycrystalline quartz groundmass with 
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minor opaque bands was recovered at site 56. Carbonates, which 
are generally fossiliferous micritic limestones, exhibit various 
degrees of recrystallization (48, 59, 61, 60, 62). 

The most abund£mt sedimentary rock types seunpled along the 

Nicaraguan Plateau are arenites (including calcarenites ) and 

graywackes which are interbedded with lesser amounts of argillite 

and carbonates. Graywackes grade into microbreccias (53, 54, 55) 

and conglomerates (44, 55). As on the Cayman Ridge, oxidation of 
iron 

abundant oxides and red-brown clay impart a reddish color to 
some of the breccias and wackes . Clastic carbonates and sedimen- 
tary rocks with carbonate cement were more frequently recovered 
here than from the Cayman Ridge. Tuffs and tuffaceous clastic 
rocks (47, 50, 55, 59, 60, 63) are also more common, whereas, 
extrusive volcduiics are less abundant. A limestone sequence, 
similar to that of the Cayman Ridge, comprises the upper units 
of the Plateau, but fewer datable samples were recovered here. 
Possible Late Cretaceous, Eocene and Oligocene shallow-water 
carbonates were recovered below 3,000 m with the breccias, wackes 
and arenites. Late Oligocene to Recent pelagic deep-water lime- 
stones are interbedded with minor elastics and apparently out- 
crop at shallower levels along the south wall of the trench. 

A number of Early-to Mid-Miocene and Neogene calcarenites were 
recovered with these open-ocean limestones. 

Redbeds and simiconsolidated, friable arenitas , which are 
often well sorted, graded and bedded, outcrop nearest to western 
Jamaica (44, 45, 46). To the west (47, 48, 49, 50, 55, 56), low- 
grade metamorphism, folding and cataclasis becomes apparent. 
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Volcanics and metavolcanics C48, 49, 50) primarily outcrop around 
8Q058’W, but are common constituents in the clastic rocks. 
Well-bedded sedimentary rocks that appear to be turbidites (54, 55 ) 
predominate further west. Granite and metamorphic components 
are markedly increased in these units. 

Biogenic and clastic carbonates with tuffs outcrop east 
of Swan Island (59, 60, 61, 62). Just west (63) of the island, 
where the slope drops off rapidly, a haul of turbidite-like 
rocks (similar to 54, 55) with Oligocene microfossils was recovered. 
^rbonates . Abundant clastic carbonates, including calcilutute 
(48, 59), calcarenite (60, 47, 57, 61, 62, 59), and calcareous 
conglomerate (57) are interbedded with and in some cases may under- 
lie the non-calcareous elastics. Interbedding of calcarenite and 
calcilutite on a small scale is evident in hand specimens from 
sites 48 and 59. These clastic carbonates are well sorted and 
may contain minor amounts of plagioclase, quartz, epidote, chlorite, 
glass shards and opaques. Some have bands of marly or ferruginous 
oxidized material and a few have small lenses filled with quartz 
or euhedral sulphides. 

The oldest carbonate recovered is possibly Late Cretaceous 
but recrystallization has partially obscured the microfossils. A 
calcareous conglomerate, also recovered from below 3,000 m (57), 
contains fragments of limestone, calcarenite, sparry calcita with 
minor fossils, quartz, orthoclase and plagioclase. It has been 
dated as Oligocene, while a fossiliferous graywacke at the same 
locality yielded Eocene shallow-water fossils. Late Oligocene 
bioclastic limestones containing microfossils characteristic of 



deep open-water environments were dredged from below 2500 m at 
sites 52, 53, and 60. A turbidite-like assemblage of clastic 
rocks west of Swan Islands also contained Oligocene microfossils . 
Early-to Middle-Miocene and Neogene fine-grained, laminated 
limestones and calcarenites recovered at sites 59, 60, 61 and 62 
are characteristic of deep-open sea environments. The remaining 
limestones are foraminiferal oozes (45, 46, 58, 61, 62), some 
of which are semiconsolidated, and micrites (60, 62), which are 
often recrystallized, that generally outcrop above 3,000 meters. 
They range in age from Early Miocene to Recent. A r.’jmber of 
other oozes (48, 50, 52, 59, 56) recovered did not contain 
diagnostic fossils. Limestones at sites 59 , 60 and 63 were 
recovered with abundant tuffs and often contained glass shards. 

One fossiliferous tiff (60) contains sparse Early-to Mid-Miocene 

coccoliths . 

Mid-Cayman Spreading Center 

V(-hile the similarity of lithologies between the Cayman Ridge 
and Nicaraguan Plateau and the diversity of rock types are sur- 
prising, the unvarying nature of the rocks outcropping on the 
steep, sediment-free walls of the mid-Cayman spreading center 
is astonishing and of more than local Lnterest. Successful 
recovery at sixteen localities in the center and along the north 
and south edges of the trench suggests a crustal sequence 
identical to that reported for the mid-oceanic ridge (Perfit 
and others, 1974). The petrography, major element variations and 
trace element abundances further substantiate their abyssal 
tholeiitic nature and suggest that they were derived as primary 

mantle (Perfit, 1977). 


melts in the upper 
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Primarily serpent inite and serpent inized peridotites (65, 

66, 67, 68) were recovered with minor quantities of graywacke 
and basalt from the Oriente fracture zone. Fragments of similar 
ultramafics have previously been recovered by Eggler and others 
(1973). Deep along the walls of the mid-Cayman spreading center, 
serpentinized peridotite (72, 74) and coarse gabbro (71, 72, 75) 

(Fig. 7f)were dredged. Dolerite (71, 72, 73, 74, 76) and basalt 
(71, 72, 73, 75, 78, 79) (Fig. 7e) outcrop somewhat higher along the 
steep escarpments. Samples recovered from sites 75 through 80 
were dredged from the proposed axial rift valley. Lesser amounts 
of metavolcanic , metasediment , marble and limestone were sampled 
on the tops of the ridges. 

Carbonates . The amount of carbonate dredged from the mid-Cayman 
spreading center was slight and difficult to identify as in situ. 
Most are micritic limestones with pelagic forams and minor angular 
fragments of plagioclase, clinopyroxene, chlorite, iddingsite, 
amphibole and epidote. A lack of shallow-water fossils and 
granitic detritus suggests that these limestones formed within 
the trench. A calcareous breccia containing basalt fragments 
was recovered at site 78. A few of the limestones contained 
datable pelagic forams; a Miocene-Pliocene marly limestone (75), 
a possible Miocene micritic limestone (73) and a Pliocene micritic 
limestone (72). 

RADIOMETRIC AGES 

Whole rock and mineral potassium-argon ages of a tonalite, 
four granodiorites and a schistose amphibolite were determined 
to date tectonism and plutonism in the Cayman Trench and to relate 
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the ages to those dates obtained from surroxmding regions. The 
radiometric results eu?e presented in table i and the ages are 
plotted in figures 4, 5, and 6. The tonalite (E438-1), from the 
floor of the trench south of Sierra Maastra, is the oldest at 
83i 2 million years. It correlates well with absolute ages of 
metamorphics and plutonics from the Greater Antilles which have 
been related to the onset of the Late Cretaceous Laramide Orogeny 
(Lewis and others, 19 7 3; Kudholey eind Meyerhof f, 1971). Grano- 
diorites from four localities on the western Cayman Ridge (sites 32, 
37, 39, 40) gave ages around Early Paleocene which compare favor- 
ably with similar rocks from the well-documented Laramide event 
in Central America (Harland and others, 1964; Dengo and Bohnen- 
berger, 1969). Potassium-argon dates on separate mineral phases 
substantiate the whole rock dates and indicate that the latter are 
crystallisation ages. 

A biotite-bearing amphibolite recovered with granodiorite 
at site 40 was determined to be 69^ 9 million years old, which is 
similar to ages published for the Wastph^Llia schist in Jamaica 
(Lewis and other, 1973). The error involved in dating does not 
allow us to separate metamorphic and plutonic events , more likely, 
the Laramide Orogeny caused widespread concurrent plutonism and 
raetamorphism over an extended period of time. 

SEISMIC CORRELATION 

The generalised stratigraphy proposed here compares favorably 
with previously determined seismic sections of the trench (Fig. 8). 
It is also now possible to correlate specific seismic velocity (Vp) 
layers with actual rock types recovered from the trench floor and 
walls CFig. 9). 


The Nicaragua Plateau is divided into a thin (^1 km) low 
velocity layer (3. 9-4. 8 km/sec) overlying a 1-2 km thick 5.1- 
5.4 km/sec layer which in turn overlies 6. 2-6. 7 km/sec crust 
estimated to be 10-15 kilometers thick (Fig. 8). There is 
evidence that this thick layer is arched or folded into two 
ridges beneath the Nicaraguan Plateau (Arden, 1969). The northern 
ridge forms part of the south wall of the Cayman Trench and is 
separated from the southern ridge by a great deal of 4-5 km/sec 
material (Ewing and others, 1960). Although the velocities of the 
deepest layers are comparable to oceanic crustal velocities, 
the thickness of the Plateau is three times greater than that 
recorded in the ocean basins. At deeper levels, velocities from 
7.2 to 7.6 km/ sec were recorded. 

Seismic velocities and layer thicknesses measured on the 
Cayman Ridge differ slightly from those of the Nicaraguan Plateau 
(Fig. 8.). An upper 1-2 km thick 4. 6-5. 5 km/sec velocity layer 
overlies a 6. 2-6. 5 km/sec crustal layer; velocities then increase 
to 7.2 km/sec at a depth of 17 km. In some places ein upperiaost seis 
®ic layer of 3. 5-3.8 km/sec recorded. 

It is evident that the geology of the Cayman Ridge and 
Nicaraguan Plateau is much more complicated than the seismic 
studies indicate. At low confining pressures (.5-2.0 Kb), 
laboratory compressional wave velocities of granodiorite , similar 
to those recovered, range from 6. 0-6. 4 km/sec and low grade schists 
may range from 5.3 to 7.3 km/sec. Amphibolites at 1 to 2 Kb have 
slightly higher velocities from 6. 2-7. 5 km/sec (Anderson and 
Lieberman, 1968; Birch, 1961). Because of their occurrence in 
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The velocity structure of the Cayinaii. Trench floor is 
characterized by a thin (r^ km) 4. 4-5. 5 km/sec layer underlain 
by a 4-6 kilometer thick 6.2-3. 8 km/ sec layer which overlies a 
layer with normal mantle velocities C8.0-8.3 km/sec) (Fig. 8). 

Often, a thin (^1 km) uppermost layer with velocities from 3.0 to 
3.3 km/sec was recorded but did not appear to be continuous 
along the trench (Ewing and others, 1960). This velocity struct- 
ure is very similar to that recorded in the crust of major ocean 
basins (Ewing and Ewing, 1959; Raitt , 1963; Hill, 1957). 

Pelagic limestone (2. 8-5. 6 km/ sec) and variously consolidated 
or metamorphosed sediments and volcaniclastics (1. 6-4.0) comprise 
the thin uppermost non-continuous 3.0 to 3.3 km/sec layer. At 
calculated in situ confining pressures of .25-1 Kb, the compress xonal 
wave velocities of weathered and metamorphosed basalt and dolerite 
ranges from 4.3 to 6.2 km/sec and 4.7 to 5.8 km/sec for fresh 
basalt (Fox and others, 1973), and consequently they are likely 
to comprise the 4 . 4-5. 5 km/sec layer (Fig. 8). At 1-2 Kb, gabbros 
with velocities from 6.7-7.03 km/sec and metagabbros from 5.87-6.6 
km/sec are likely to represent the 6. 2-6. 8 km/sec basement layer. 
Amphibolites (6. 2-7. 5 km/sec) are also a candidate for this layer, 
although only partially amphibolitized gabbros were recovered. 

Cataclastic metagabbro (5.4 km/sec at 1-2 Kb), serpentinites 
and serpentinized peridotites (3.55-4.75 km/sec at .5-7 Kb) have 
velocities which are too low to be a significant component of the 
6. 2-6. 8 km/sec layer (Fox and others, 1973) but anorthositic 
rocks with velocities of 6.52-6.81 km/sec are compatible with the 
published crustal velocities. Although unserpentinized peridotite 


was not dredged, it has velocities of 8.0-8. 3 km/sec and may 
comprise the upper mantle beneath the trench. 

PRE-TERTIARY GEOLOGY OF THE NORTHERN CARIBBEAN MARGIN 

The oldest datable rocks dredged were Late Cretaceous and 
Paleocene shallow water limestones, recovered from deep along the 
western Cayman Ridge, and a possible Late Cretaceous pelagic 
limestone from the Nicaraguan Plateau. On the Cayman Ridge the 
limestones are associated with volcanics, some of which are 
extremely oxidized, and elastics, often red, with predominantly 
volcanic detritus. Just to the east, along the Ridge, Late Cre- 
taceous to Paleocene metamorphics and granodiorites were dredged 
with younger limestones amd relatively fewer volcanics. Identical 
granodiorites of Late Cretaceous age dredged within the eastern 
section of the trench and abundant immature granitic clasts and 
detritus in the sedimentary rock along the Cayman Ridge and 
Nicaraguan Plateau suggest great lateral extent of these intrusives 
Previously, the existence of crystalline basement beneath the 
Cayman Ridge had only been inferred from magnetic and seismic 
data by Falquist and Davis, (1971). 

Amphibolite -grade metamorphic rocks that were recovered with 
the granitic plutonic rocks may represent pre-Late Cretaceous 
lavas and sediments that were metamorphized and uplifted during 
the Laramide Orogeny. We feel that it is reasonable to assxmie 
that at least part of the 15 kilometers of buried crust beneath 
the Cayman Ridge and Nicaraguan Plateau is older than Late 


Cretaceous. 




Arden (1969 , 1975) and recent drill data Cujipublished) 
show that a sequence of volcanics and elastics interbedded with 
early Cretaceous pelagics comprise the oldest section sampled 
on the Nicaraguan Plateau. This sequence is overlain by discontin- 
uous lenses of volcanics and erosional elastics, including red beds 
of Mid-to Late Cretaceous Age. This correlates well with the 
red volcanics and elastics recovered with Late Cretaceous limestone 
on the west end of the Cayman Ridge. A Late Cretaceous volcanic 
center in the Pedro Bank area proposed by Arden (1969) also 
correlates with our recovery of abundant volcanics around 80®58'W 
and 17®48’N on the north flank of the Nicaraguan Plateau. To the 
southeast, granodiorite has been drilled at 1973 meters in Pedro 
Banks -1 well (73043' W, 16056. 2'N), and is overlain by a 53 
meters of conglomerate and 1920 meters of Tertiary limestone. 
Altered porphyritic granodiorite has also been recovered at t021 
meters under a middle Eocene sequence of shale and limestone 
beneath the western Nicaraguan Plateau, (31°41.2W, 140S2.4'N) 
(Arden, 1975). 

Although many of the igneous and metaraorphic clasts observed 
in the sedimentary rocks may actually be from terrains much older 
than Cretaceous, only the post-Jurassic history of the trench can 
be readily deciphered. The Cretaceous-Pal eocene plutonics, meta- 
morphics and volcanics were formed during the Uramide orogenic 
event that is well documented in Central America and the Greater 
Antilles. Greenschist-facies metamorphism and cataclasis of some 
plutonics and many of the surrounding volcanics and elastics 
indicates that local tectonism continued at least i.nto the early 

Tertiary. 




Central America 

In Central America, the oldest rocks exposed are metamor- 
phosed Lower Paleozoic sedimentary rocks and granitic intrusives, 
unconformably overlain by Late Paleozoic sedimentary rocks 
(Dengo and Bohnenber, 1969; Mills and others, 1967; McBirney 
and Bass, 1969; Wilson, 1974). These comprise the so called 
"Nuclear Central American foreland" (Schuchert, 1935) which 
presently outcrops in primarily east-west trending mountain ranges 
that include the Sierra Madre del Sur in Mexico, Sierra Chuacus 
and Sierra las Minas in Guatemala, and the Sierra Merenden and 
Sierra Omoa in Honduras. This belt of mountains forms a struct- 
ural arc which is concave to the south CKesler, 1971). They 
strike eastward offshore where they seemingly continue along the 
Nicaraguan Plateau and are bounded on the North by the Polochic 
and Motagua fault zones which appear to be contiguous with the 
Cayman Trench (Mills and others, 1967; Donnelly and others, 1963; 
Muehlberger and Ritche, 1975; Schwartz and Newcomb, 1973; Dengo 
and Bohnenberger , 19 69 ). The Northern Sierras in Guatemala and 
the Maya Mountains in British Honduras appear to extend seaward 
and continue as the Cayman Ridge. 

The strike, relative relief and struc-tural trends of the 
Sierras of Northern Central America led Meyerhof f (1966), Mills 
(1967), Dengo and Bohnenberger (1969) and Kudholey and Meyerhoff 
(19 71) to postulate that the Ca],nnan Ridge and Nicaraguan Plateau 
arc remnants of the Paleozoic Nuclear foreland which remained as 
positive features throughout the Mesozoic and Early Cenozoic. 

The Mesozoic sedimentary record in Central America is poorly 
known and few reliable paleontological dates exist. The early 
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Mesozoic, in Central America, is generally considered a time of 
emergence associated with deposition of shallow marine and flood 
plain shales and sandstones (Mills, 1967; Wilson, 1974). 

Wilson (1974) suggests that Lower Cretaceous sedimentation 
in Central America is characterized by deposition of shallow 
water carbonates and evaporites on a broad tranquil shelf with 
localized regions of deep water pelagic sedimentation to the South 
and East in Middle to Late Albian. Coarse elastics and volcanics 

■*0 

unconformably overlying the carbonates indicate a period of 
tectonic disturbance and volcanism in the Early to Middle Cenomanian 
which separates Lower from Upper Cretaceous carbonate platform 
sedimentation. This stratigraphic sequence is remarkably similar 
to that determined for the oldest part of the Nicaraguan Plateau- 
Cayman Ridge. Furthermore, the effects of a Mid to Late Cretaceous 
orogenic event seen in the geology of Central America and the 
Greater Antilles have been recognized in the Cayman Trench sequence. 

Early in the Late Cretaceous (Turonian-Santonian) a deep, 
fault -controlled trough existed along the present Polochic- 
Motagua fault zone that trends northeast across Guatemala and 
Honduras toward the Cayman Trench. It was the locus for submarine 
volcanism and eugeosynclinal sedimentation which included carbonate 
turbidites from the north and exotic igneous blocks and turbidites 
from the steeper southern side of the trough (Dengo and Bohnen- 
berger, 1969; Wilson, 1974). 

The Polochic and Motagua fault zones have been postulated to 
be regions of crustal weakness, associated with possible trans- 
current, normal and/or reverse faulting, that are at least 
Paleozoic in age. A large degree of left- lateral megashear has 
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been proposed in the Late Paleozoic-Eirly Mesozoic (Walper and 
Rowett, 1972; Kesler, 1971) and others suggested major displace- 
ment of Paleozoic basement and Pre-Cretaceous units since the 
Cretaceous CMalfait and Dinkleman, 1972; Pinet, 1972; Holcombe 
and others, 1973; Silver, 1974). 

Recent detailed field studies (Schwartz and Newcomb, 1972; 
Lawrence, 1975; Newcomb, 19 75; Schv:arz, 19 76) suggest that 

I 

the Motagua fault zone represents a Late Cretaceous suture 
between two lithospheric plates that was associated with extensive 
southward thrust faulting and relatively little strike-slip 
movement. Newcomb (1975) shows that, north of the fault zone, 
the Chuacus group probably of Paleozoic age, underwent at least 
two periods of deformation, the second of which occurred in the 
Late Mesozoic and was associated with widespread cataclasis and 
retrograde metaunorphism. Furthermore, this group is not litholo- 
gically or metamorphically correlative with the Paleozoic Las 
Ovejas complex south of the fault zone. 

Schwartz and Newcomb (1973) Lawrence (1975 suggest that 
siliceous shale, chert, basaltic tuff (?), basic schist, 
amphibolite, serpentinites and blueschist to eclogite facies 
basalts of the El Tambor Formation, are fragments of oceanic 
crust that were metamorphosed in a Mesozoic subduct ion zone 
(marked by the present Motagua Fault zone) and thrust southward 
over the Las Ovejas complex as two continental plates collided 
in the Late Cretaceous. This convergent zone is associated 
with numerous Mid-Cretaceous to Tertiary "granitic" plutons 
south of the fault zone that swing across central and southern 
Guatemala into northern Honduras, and east toward the Cayman 
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Trench (WilUems end McBirney, 1969; Dengo end Bohnenherg.r . ^ 

1969). Intrusion eoeompenied end eided lerge soele uplift which 
resulted in repid erosion end restricted cerbonete benk formetion. 

Few Cempenien-Meestrichtien merine deposits ere known in 
southern Suetemele end Rondures . ettesting to the emergent 
nature of Centre! Americe et thet time. Continued uplift, 
thrusting end intrusion ceused e shift of the depositionel 
trough to the north et the close of the Creteoeous. where thick ^ 
flysch sequences of conglomerete, sendstone, shele end oelcerenite 
were deposited in shellow elongate merine besins (Dengo end 
Bohnenberger. 1969; Wilson. 1974). An enelogous event wes 
epperently occurring et the seme ti-me to the eest elong the 

Nicaraguan Plateau- Cayman Ridge. 

Bay Islands. Western Ni cara ^Tuan Plateau 

The Bey Islends, thet sit on the Bonacce Ridge, heve Creta- 
ceous lithologies that are analogous to those of the hotagua Valley 
end the Cai-man Ridge. The islends of Roeten and Sueneje are 
composed of variously metamorphosed sediments, carbonates end 
igneous rocks intruded by granitic dikes, metagebbro and serpentin- 
ite which in turn are overlain by Pre-Tertiary end Tertiary lime- 
stone and conglomerate (McBirney end Bess, 1969). The overlying 

Pre-Tertiery conglomerates primarily contain clasts of schist, 

a. j*--' are often interbedded with 

quarts and other metamorphics , aa.^ tr.-> 

^ similar to the rocks dredged to the east near 

mudstone and shala» si-mixa* 

Swan Island. 

The more intensely metamorphosed rocks and serpentinites 
are often oriented parallel to thrust faults which are aligned 
with the trench axis. On Roeten, amphibolites with mafic and 




ultramafic affinities are locally intruded by pegmatitic and 
aplitic dikes, and on Guanaja a hornblende gabbro and associated 
dikes cut the metasediments. Although the ages of intrusion 
and metamorphism are not certain here, the lithology and structural 
relations are nearly identical to those of the western Cayman 
Ridge (McBimey, personal communicativon) . Home and others 
(1974) indicate that a discontinuous east-northeast trending 
chain of Late Cretaceous to Early Tertiary (36-93 m.y.) undeforraed 
plutons intrude Paleozoic metamorphics in the postulated landward 
extension of the Bonocca Ridge in northern Honduras. 

Jamaica, eastern Nicaraguan Plateau 


The oldest exposed rocks in Jamaica are Early Cretaceous 
shallow marine limestones and Cretaceous elastics and volcanics 
that appear as inliers in the overlying Tertiary limestones. 
Volcanic rocks include water- laid tuffs, ash-flow tuffs, fewer 
dacites and andesites, and rare basalts. Some of these are 
flows, such as in the Early Cretaceous Devils Race Course forma- 
tion. Rudist limestone, volcanic conglomerate and breccia, and 
lesser amounts of sandstone and shale are commonly interbedded 
with the volccinics. This succession is intruded by predominantly 
granodiorite plutons of Late Cretaceous to Paleocene age. The 
Blue Mountain Inlier in eastern Jamaica contains altered and 
sheared Cretaceous volcanics, serpentinites and basic greenschists 
in the north and higher grade metamorphics and associated nearby 
intrusive rocks in the south (Cans and others, 1962; Roobol , 19 72 ) . 
These later metamorphics, known as the Westphalia Schists, are 
amphibolite-grade quartzo-feldspathic and basic rocks. 
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Potassium- argon dating done by Lewis and others C1973) suggests 
a minimum age of 76.5 m.y. for these schists with subsequent 
resetting of biotites during local tectonic events in the 
Eocene about 50 m.y. ago. Absolute age dates from the Ginger 
Ridge granodiorite and surroxinding homfels in the Central Inlier 
reveal a similar situation with presumably reset hornblende 
yielding a potassium-argon date of 47 m.y. and granodiorite whole 
rock and biotite homfels ages around 35 m.y. Chubb and Burke 
(1963) published an age of 65 1 5 m.y. for the Above Rocks grano- 
diorite and 75 ^ 5 m.y. for the Flint River granodiorite. 

Not only are these ages close to those determined for the 

granodiorites and schists from the Cayman Trench (table i), but 

they are all petro graphically similar. Furthermore, the abundant 

conglomerates, which contain primarily volcanic clasts, inter- 

bedded with tuffs, shallow-water ILmestone and minor lavas in 

(?) 

Jamaica are essentially the same assemblage of pre-Tertiary^rccks 


dredged in the Trench. 

Southern Cuba, Northeast Wall of the Ca 


Trench 


Ages of the oldest rocks in Cuba have been widely disputed 
and estimates range from Paleosoic to Jurassic (^kvor, 1969; 
Hatten and Meyerhof f, 1970; ^kvor, 1970; Khudoley and Meyerhoff, 
1971; Iturralde-Vincent , 1975). Regional attempts at correlating 
these rocks with those of Central America have been equally 
tenuous. It is fairly certain that at least western Cuba had an 
older and much more complex history than the rest of the Greater 
Antilles. However, the Oriente Province in southeastern Cuba has 
had an active geologic history similar to Jamaica and Hispaniola 
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since the Cretaceous. In the Early Cretaceous the southern margin 
of Oriente and eastern Jamaica were sites of eugeosynclinal sedimen 
tation and eruption separated from shallow platform environments, 
to the north and west respectively, by emergent volcanic arcs 
(Cans and others, 19 6 2; Kudholey and Meyerhoff, 19 71*, Mattson, 

1973; Pardo, 1975). Mid-to Late Crexaceous orogenesis caused 
contemporaneous granitic intrusion, increased volcanism, meta- 
morphism, folding and serpent inite emplacement related to 
northward thrust faulting. The association of basic schists, 
and lavas, amphibolites and serpentinites intruded by granitic 
Plutonic rocks in a severely tectonized region is strikingly 
similar to the situation described along the Motagua-Polochic 
fault zone, on the Bay Islands and in the Blue Mountains of Jam- 
aica. An ultrabasic complex overlain by pillow basalt and 
associated with mobilized serpentinites appears to have been 
oceanic crust that was thrust upward during Late Cretaceous to 

Middle Eocene (Pardo, 1975). 

CEN020IC HISTORY OF THE CAYMAN TRENCH AREA 

In Central America and the Greater Antilles, volcanism, 
emergence and local deformation sporadically continued until the 
Late Eocene-Oligccene when most volcanism stopped and the sea 
floor began to subside. Rapid deposition occurred in fault 
controlled basins and volcanism apparently was associated with 
local vertical tectonics (Mills and others, 1967: Dengo, 1969; 
Dengo and Bohnenberger , 1969). Extensive block faulting and 
"andesitic” volcanism occurred in a broad southwest to northeast 
arc in Guatemala, Honduras and Nicaragua (McBimey and Williams, 
T965: Mills and others, 1967; Williams and McBirney, 1969). 



Pinet (1975) suggests that basement amd pre-orogenic rocks on 
the continental margin of Honduras that were deformed in the 
Lower Cretaceous to Early Eocene convergent event, began to 
subside in the Mid-Tertiary and were block faulted in the Pliocene 
A thick Early Tertiary clastic wedge implies a continuation 
of the sedimentary regime that began in the Late Cretaceous. 

Eocene conglomerates, sandstone, shale and clastic carbonates 
were deposited in deep grabens and basins following the trend of 
the Motagua Fault Zone, while to the north in British Honduras, 
northern Guatemala and southern Mexico shallow-water carbonate and 
evaporite sedimentation continued (Wilson, 1974). Significantly, 
the clastic rocks are often red beds and contain considerable 
volcanic detritus from the subaerial erosion of Upper Cretaceous - 
Early Tertiary volcanoes in Guatemala, Honduras and Nicaragua 
(Mills and others, 1976; Dengo and Bohnenberger , 1969). 

Late Tertiary sedimentation was characterized by terrigenous, 
deltaic and local reefal or lagoonal environments of deposition. 
Interbedding of conglomeratic red beds, with red and brown arkose, 
sandstone, siltstone and shale was common (Vinson, 1962). Block 
faulting and volcanism continued throughout Honduras through most 
of the Miocene (Mills, 1967). By Pliocene, the seas had withdrawn 
and sedimentation decreased in eastern Central America. However, 
the development of numerous volcanoes along the west coast of 
Central America (due to subduct ion along the newly formed or 
reoriented Middle Americas Trench in the Mid Tertiary) obscures 
much of the geology in Central America that can be related to the 
Cayman Trench. 
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The assemblage of Early Tertiaury rocks recovered from the 
Cayman Ridge and Micaraguan Plateau is primarily composed of 
coarse to medium grained sedimentary rocks with lesser amounts 
of volcanics and Eocene to Oligocene shallow-water limestones. 

However, a few Late Oligocene limesto-as recovered with elastics 
from the Nicaraguan Plateau were indicative of a deep-water 
pelagic depositional environment. 

i Each clastic rock type appears to have a red bed equivalent 

suggestive of subaerial and/or deltaic depositional environmei'.ts . 

The major components in these rocks are lithic and crystal 
fragments probably derived from a wide variety of older volcanics 
and underlying plutonics. Fewer clasts of tuffs, metamorphics 
and carbonates were observed. The coarseness, angularity and 
freshness of many of the clasts is indicative of rapid erosion 
and deposition probably from a nearby emergent Cretaceous volcanic 
center. The presence of plutonic clasts suggests a great deal 
^ of erosion and uplift in order to expose the intrusives by the 
Eocene. .Angular shallow-water limestone fragments in a few 
breccias and conglomerates support the idea of contLnued uplift, 

' erosion and rapid deposition into the Early Tertiary. Contempor- 

aneous volcanism and sedimentation are indicated by interbedded lavas 

I and elastics, chilled margins in contact with thermally metamorphosed 
sedi.ments and tuffaceous carbonates and shales. 

Paleocene red beds and calcareous shales have been drilled 
I beneath the Nicaraguan Plateau C.Arden, 1369 , unpublished drill 

i data). Andesite overlain by probable middle Eocene brown-red 


sandstone and dark olaystone were drilled at about 2000 m in 

Berta-1 „ell (32O04'W, 160i3'H) beneath the western Nicaraguan 

Plateau CArden, 1975). The oldest Tertiary rocks in Jamaica 

are Lower nocene, possibly Paleooene sandstones, breccias and 

conglomerates of the Wagwater formation, found in a deep (> 6500 m) 

fault-bounded trough traversing the eastern end of the island. 

These rocks are typically coarse volcanic red beds that grade 

upward into shales, volcanic sandstones and limestones of the 

Richmond Formation (Tans, and others, 1362, Green, 1972, Wright and M 

Dickinson, 19 72). Formation of this trough was accompanied by 

extrusion of lavas of predominantly andestic composition and 

deposition of tuffs into the geosynclinal pile. Folding, thrust 

faulting and dynamic metamorphisra locally affected these rocks 

as the Laramide orogeny climaxed in the Mid-Eocene. Petrographic 

comparison of Wagwater elastics and volcanics with the Paleogene 

elastics from the Cayttan Ridge-Nicaraguan Plateau reveals their 
equivalence. 

In Cuba, similar thick units of andesitic volcanics and 
volcanic rich elastics were deposited in a deep trough along 
the Cauto fault-basin, north of the Sierra Maestra, during the 
Late Cretaceous-Early Tertiary. To the north, shallow-water 
sedimentation and the growth of carbonate banks predominated. 

A volcanic arc, existed south of the Cauto Basin toward Jamaica 
and was associated vith granodiorite and diorite plutonism 
(Bowin, 1968; Pardo, 1975). Volcanism stopped and southeast 
Cuba was uplifted by the close of the Eocene to form the present 
plai:form and Sierra Maestra (Kudholey and Meyerhoff, 1971; 

Mattson, 1973; Iturralde-Vincent , 1975; Pardo, 1975 ). 


Although significAnt amounts of voloanics and elastics are 
absent in the upper Post-Oligocene section, a number of Early 
to Mid-Miocene fossiliferous tuffs recovered from both sides of 
the trench indicate that some volcanism continued into the rela- 
tively quiet Late Tertiary. Elsewhere, only Late Cenocoic 
alkaline extrusives associated with grabens in central Hispaniola 
have been reported (MacDonald and Melson. 1969). 

Geologic histories of the Cayman Ridge and Nicaraguan 
Plateau differ slightly after the Eocene. On the Cayman Ridge. 
Eocene through Oligocene carbonates are indicative of a shallow- 
water environment while Pliocene through Pleistocene limestones 
were formed in a deep-water, open-sea environment. Miocene 
shallow-water, neritic and deep-water limestones mark a period o^ 
submergence. Consistent recovery of only shallow-water and reefal 
limestone from beneath the presently shallow reefs around Mister- 
iosa and Rosario Banks suggest that reef building kept up with 
regional submergence in a few areas through the Tertiar>'. Abund- 
ant rounded pebbles and cobbles recovered along walls of the 
Cayman Ridge (sites IS, 15, 23. 24) were likely to have formed 
in the fluviatile or active shallow marine environment. An 
Eocene-Miocene limestone recovered with them lends support to 
the existence of local shallow areas in the Miocene. 

Eocene carbonates from the Nicaraguan Plateau were also 
formed in shallow-water environments but most Oligocene to 
Miocene carbonates had deep-water open-sea origins. 

Possible turbidites, recovered west of the Swan Islands 
(63) which contain abundant Oligocene microfossils, support the 
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existence of a deep basin in the Oligocene. A number of Neogene 
and Miocene calcarenites may indicate local areas of emergence 
after the Oligocene; however, only Pliocene to recent open-sea 
pelagic limestones were dredged from the upper escarpments of the 
plateau. 

Oligocene and Miocene shallow-water limestones outcrop on 
the Cayman Islands and deep-water Oligocene or Early Miocene 
calcareous mudstone overlying reef limestone comprises the bulk 
of the Swan Islands. Uplift of the Swan Islands during the 
Oligocene can also account for the turbidites found at the base of 
the islands. Both regions further attest to the existence of local 
vertical tectonics on the walls of the Cayman Trench since the 
Miocene . 

Arden C1969, 1975) suggests that the Middle Eocene to Middle 
Miocene was primarily a period of carbonate sedimentation due to 
general submergence of the eastern Nicaraguan Plateau and Jamaica. 
Local short periods of uplift occurred in the Late Eocene and 
Late Oligocene forming basal carbonate conglomerates possibly 
similar to a Late Oligocene limestone recovered from site 52. 

These short tectonic events and intervening periods of carbonate 
sedimentation have also been recognized in southeast Cuba 
(Mattson, 1973; Kartashov and Mayo, 1972). 

Uplift of the Nicaraguan Plateau initiated in the Middle 
Miocene caused renewed faulting, minor volcanism and deposition of 
shallow-water carbonate elastics until the latest Miocene (Zans and 
others, 1962; Arden, 1969). Miocene and Necgene calcarenites 
recovered f'" -m the Nicaraguan Plateau may be evidence for the 





Petrologic, geochemical emd geophysical evidence confirm the 
existence of an active east-west spreading center within the 
Cayman Trench rather than diapiric or tectonic intrusion of ultra - 
mafic mantle material (Bowin, 1968; Ericson and others, 1972; Eggler 
and others, 1973). Although the time of initiation of spreading 
is difficult to discern, a number of facts leads us to believe 
that the initiation of the trough that now forms the Cayman Trench 
began in the Eocene and the present configuration is post Eocene. 

1. Abundant coarse Eocene elastics now found perched on steep 
escarpments along the walls of the Cayman Trench would have been 
deposited on the trench floor had it existed. It is more likely 
these sediments, which include red beds, are analogous to those 
deposited in Eocene grabens in Central America and the Greater _ 
Antilles. 

2. Oligocene turbidites recovered west of the Swan Islands 
indicate that either a deep trough existed in the Oligocene or that 
there has been subsidence and faulting since the Oligocene. 

3. Differences in the post-Eocene stratigraphy of the 
Nicaraguan Plateau and Caymain Ridge suggest that they could 
have been a single island arc that was split in the Eocene. 

Cuba and Hispaniola show a similar separation and lateral 
displacement since the Eocene CMalfait and Dinkleman, 1972). 

4. Sediment cover on the trench floor is generally less 

than 200 meters thick. 
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5. The oldest limestone recovered from the floor of 
the trench is Miocene. 

The Miocene-Pliocene limestone C75) recovered near the 
axial valley of the mid-Cayman spreading center implies an 
average east-west full spreading rate of .4 cm/yr for the last 
five million years. Assuming this average rate prevailed from 
Eocene C-50 m.y.b.p.) to the present, then the total ea?tward 
displacement of the Cayman Ridge with respect to the Nicaraguan 
Plateau has been approximately 200 km. 

TECTONIC HISTORY 

A number of tectonic conclusions can be made from the data 
presented. The Cayman Ridge and Nicaraguan Plateau are composed 
of complex assemblages of island arc-type plutonics and volcanics 
with genetically associated elastics and carbonates at least as 
old as Late Cretaceous. The Nicaraguan Plateau has a post-Eocene 
stratigraphy Ci.e., history) that differs slightly from that of 
the Cayman Ridge. The rocks dredged reveal a complex stratigraphy 
that is correlative with the stratigraphy in northern Central America 
and the Greater Antilles. The mid-Cayman spreading center is 
composed of oceanic crustal rocks that have been formed at an 

active accreting plate margin. 

One of the remaining problems in Caribbean geology has been 

the relationship between nuclear Central America and the younger, 
Greater Antilles. The geology of the Cayman Trench provides the 
missing link between these two regions and suggests a new model for 
the evolution of the northern boundary of the Caribbean Plate since 
the Cretaceous. Most Mesocoic pre-drift reconstructions require 
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the geologically unreasonable overlap of pre-Jurassic Central 
American crustal elements CLe Pichon and Fox, 1971). Thus, exten- 
sive reorganization of older Central America and the creation of 
most of the Caribbean crust between Early-Jurassic and Late-Cre- 
taceous is implied. The Late Cretaceous to Recent development of 
the Caribbean plate is reflected in the relative motions between the 
North and South America Plates CLadd, 1976). However, the pre- 
Cretaceous nature of the norxhem Caribbean can be speculated on 
only by investigating Paleozoic to Mesozoic stratigraphic and tec- 
tonic relations in Central America and Cuba. 

The presence of a sub-linear chain of Late Paleozoic to 
Mesozoic granitic plutons and coeval volcanics in the northern 
Sierras in Guatemala and Maya Mountains in British Honduras 
suggests that oceanic crust was subducted northward beneath 
northern Central America prior to the Middle Mesozoic. To the 
south, were the parts of Paleozoic nuclear Central America that 
presently comprise the basement of southern Guatemala, Honduras and 
Nicaragua. Crustal thic3cnesses , regional geology and data presented 
here strongly suggest that the Cayman Ridge and Nicaraguan Rise 
were a single unit that extended east of the present Honduras 
coast prior to the Cretaceous 

In the Mid to Late Mesozoic, northward subduction gave way 
to left-lateral strike-slip faulting along the ancient Motagua- 
Polochic fault zone. A displacement of up to 1000 km has been 
indicated by the tentative correlation of Late Jurassic-Early 
Cretaceous evaporite sequences on the Yucatan Platform with salt 
diapirs presently found off the coast of Honduras (Pinet, 1972). 
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suggest major displacements of Paleozoic basement and 
Pre-Cretaceous units since the Cretaceous (Malfait and Dinkleman, 

1972; Holcombe and others, 1973; Silver, 1974). 

This fault zone was also the locus of submarine volcanism and 
eugeo synclinal sedimentation throughout the Cretaceous. Relative 
plate motions changed in the Early Cretaceous about 127 to 34 m.y. 
ago, as South America began to rotate counter clodcwise with respect 
to North America (Ladd, 1974, 1976). This event caused compression 
the northern plate boundaries which led to southerly subduction 
of oceanic lithosphere beneath ancestral southern Guatemala, 

Honduras, Nicaragua and the Nicaraguan Plateau-Cayman Ridge (Fig. 10a). 
Subsequently, a broad emergent volcanic arc developed above the 
Benioff Zone that extended from western Central America to Hispaniola. 
This chain of volcanic islands, surrounded by shallow— water carbon- 
ates and coarse elastics, is presently represented by the Cretaceous 
rocks from the Cayman Ridge, Nicaraguan Plateau, Jamaica, southern 
Cuba and western Hispaniola. 

The subduction of Atlamtic oceanic crust to the south or south- 
west beneath the Caribbean plate led to the development of somewhat 
older Laramide volcano-plutonic complexes in Cuba, eastern Hispaniola 
and Puerto Rico. Subduction north of Cuba probably terminated 
in the Lata Cretaceous (around 87-92 m.y.b.p.) after the collision 
of Cuba and the Bahama Platform (Mattson, 1973). About this time, 
fbe Central American— Antillean subduction zone may have joined with 
the Atlantic (ancestral Puerto Rico) Trench. This eliminates the 
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n«<d for a tr«noh-tr«nch transform along tha Baata Ridga and tha 
aaatward staffing of a transform fa'slt betwaan tha North Amarioan 
and Caribbaan flatas as Malfait and Dinklaman (1971) suggest. 

,\t tha and of tha Cratacaous, ramnants of tha subducting 
ooaanio crust wars traffad batwaan converging flatas and 
oonsaquantly thrust onto tha continants and islands. .Associatad 
sarfantinitas. basic schists and d>hiolitic rocks, of Lata 
Cratacaous aga, that outorof in tha Notagua Fault Iona, on tha 
Bay Islands, in tha Blua Mountains. Jamaica and along tha Cauto 
Fault Iona in southaastam Cuba, ware amflacad during this event. 

A similar comfrassional event occurred in tha ancestral Puerto 
Rico Trench, that fraaantly extends into northern Hisfaniola. at 
tha Cratac.ous-Palaccana boundary (Parfit and others. 1974b). Closure 
of subduction cones and tha onset of relative aastvard movamant 
of tha Caribbaan plate caused diminishad volcanic activity in 
tha Greater .Antilles and Central America in tha Early Tertiary, 
southward movamant of South .America relative to North .America caused 
axtanaion along plate boundaries and cones of crustal weakness 
which lad to tha creation of tansional features such as tha Motagua 
Valley in Guatemala. Cauto Basin in Cuba . Enriquillo-Cul da Sac 
Trough in Hispaniola. Wagwatar Trough in Jamaica and tha proto- 
Cayman Tranch. These grabans ware tha locus of thick accumulations 
of arosional detritus from tha stUl emergent volcanic islands 
(Fig. 10b). As volcanism and plutonism declined, vertical tactoni 
became mor. significant, probably due to tha cassation of subduction. 
which caused cooling of tha plate and subsequent isostatic r.adjust- 
mants. Locally » subsidanc* ma.y hAva baan rapid and graat as 
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exeirplified by nearly 20,000 feet of coarse Eocene sediment that 
filled the Wagwater Trough in Jamaica. 

A number of facts lead us to believe that the creation of 
the present Cayman Trench began in the Eocene. Similar Early 
Tertiary estimates have been proposed by Ewing and others (1960), 
Bowin (1968), Malfait and Dinkleman (1972, Pinet (1972), Erickson 
and others (1972) and Holcombe and others (1973). Lateral movements 
may not have been localized along the present trench but rather 
were distributed among numerous sub-parallel faults that bisected 
the islands (Fig. 10b). Left -lateral shear between the North 
American and Caribbean plates is presently accomodated by trans- 
form faulting along fracture zones associated with the mid-Cayman 
spreading center, but it is not clear exactly when or how this 
accreting plate boundary developed. Pre-Eocene rocks from the 
trench walls and Cretaceous granodiorites from within the eastern 
trench show a significant amount of shearing, cat aclasis and green- 
schist grade metamorphism that may be related to initial strike- 
slip motion along the trench. The spreading center probably 
formed in response to continued plate divergence and may be analo- 
gous to spreading in "leaky" fracture zones (Ranalli, 1974). As 
the spreading center developed, the trench became wider, lateral 
faulting was localized along the trench walls and denser oceanic 
crust was created on the floor. As a consequence of this, the 
Cayman Ridge and southeastern Cuba were rifted from the volcanic 
arc that included Hispaniola, Jamaica and the Nicaraguan Plateau 
(Fig, IQc). Similarly, the Beata Ridge may have rifted southward 
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frora the southern flank of the Nicaraguan Plateau (Arden, 1975). 
Crustal accretion along the mid-Cayman spreading center at a rate 
of appxvsximately .4 cm/yr offset these areas Cleft-laterally ) 
since the Eocene. A total of about 200 km of left -lateral 
displacement between similar geologic features c^m presently be 
seen when comparing the Cayman Ridge and Nicaraguan Plateau. 
Uramide erogenic features in eastern Cuba and Hispaniola also 
suggest approximately 130 km of left-lateral movemeiit since the 
9 Eocene (Malfait and Dinkleman, 1972). Recent left-lateral trans- 
current faulting has been evidenced by recent earthquakes and 
offsets up to 59 meters Ln stream a.nd terrace deposits across 
the Motagua Valiev (Schwartz, 1976). 

Extensive vertical tectonics and regional subsidence occurred 
Eocene. Shallow-water carbonate shelf and reef environ- 
ments covered those areas that were not uplifted in the final 
pulses of the Laramide Orogeny in the Late Eocene and Oligocene. 

The Cayman Ridge was predominantly a shallow carbonate bank until 
the Miocene when it began to subside. Banks and reefs were 
progressively restricted to a few isolated pinnacles on top 
of the Cayman Ridge. The Nicaraguan Plateau apparently had a more 
complex history of submergence, localized uplift, faulting and 
minor volcanism in the Mid-Tertiary but fLnally sank to its present 
the Pliocene. Late Cretaceous— Paleocene granodiorites 
that’ may have been subaerially exposed in the Late Paleocene-Early 
Eocene, now outcrop at approximately 40C0 meters on the Cayman 
Ridge, and Eocene and Oligocene shallow-water carbonates that 
generally outcrop below 3000 meters on both sides of the Cayman 
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Figure 
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Figure 3 


Figure 4. 


. Index map of Cayman Trenoh showing major morpho-tectonio 
units. Outlined area is field of view in Figure 2. 

. Bathymetric map of Cayman Trenoh modified from Holcombe 
end others, C1973). Location of successful dredge stations 
indicated by solid circles; numbers correspond to station 
numoers listed in text . R. V. CONRAD seismic reflec- 
tion profile traverse is labeled RC-12. 

. Seismic reflection profile traversing the Cayman Ridge 
(CR), the floor of the trench, and the Nicaraguan Plateau 
CNP). Location of profile is in Figure 2. Notice the 
thick accumulation of sediment on top of the Cayman 
Ridge and Nicaraguan Plateau and the nearly sediment-free 
escarpments. The rugged morphology of the mid-Cayman 
spreading center and the shallow ponding of sediment 
between steep peaks is clearly shown in t.he center of the 

profile. Profile is from Columbia University's R. V. 

CONRAD. 

Diagramatic representation of the geology of the Cayman 
Ridge and stratigraphy at each station (bold numbers). 

Cross sections have been projected forward onto a plane. 
Locations of each section are approximate to avoid overlap 
and to sLmplify presentation. All views are looking 
toward the north. The solid lined base of each section 
lias at the greatest depth of recovery but in order to 
represent each rock type recovered, the total height of a 
section may be exaggerated. Refer to the appendix and 
Figure 2 for exact locations, depths of recovery and rock 
descriptions. Small numbers are K-Ar dates referred 
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Figure 

Figure 

Figure 

Figure 

Figure 


Figure 


to in text and on Table i . Non-horizontal lines are not time 
stratigraphic and represent possible interbedding of units, 
"tsctonics and folding have not been accounted 
for. Small dots and lines in carbonates indicate clastic 
carbonates . 

5. Diagramatic representation of the geology of the Nicaraguan 
Plateau. See Figure 4 for explanation and key. 

6. Diagramatic representation of the stratigraphy and geology 

of the mid-CavTnan spreading canter. See Figure 4 for further 
explanation. 

7. Next page. 

9. Seismic refraction structure sections of the a) Cayman 
Trench region and b) eastern Cayman Trench south of Cuba, 
both from Ewing and others, (1960). 

9. Idealized geologic cross-sections of the Nicaraguan Plateau- 
Cayman Ridge and the mid-Cayman spreading center correlated 
with seismic sections of Ewing et al, (1960). Bold numbers 
over each seismic section refer to seismic lines in 

Ewing and others, (1960) and Figure S. Compressional wave 
velocities of each layer are in km/sec. Velocities to the 
left of the idealized sections are estimated ranges for 
the designated rock types. Numbers in parentheses refer 
to specific rock types discussed in the text. 

10. Schematic drawings portraying the evolution of the northern 
Caribbean margin and Cayman Trench since the Late Cretaceous. 
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Figure 7 

Photomicrograplis Of Rocks From The Cayman Trench 


Lapilli tuff from the Cayman Ridge (station #22) composed 
of folded lapilli altered to chlorite in a clayey to 
microlitic groundmass. Plain light. 

Granodiorite from the Cayman Ridge (39) containing subhedral 
zoned plagioclase, hornblende, biotite and anhedral inter- 
granular orthoclase and quartz. Cross-Nicols . 

Volcanic from the Cayman Ridge (42) subtrachytic with 
relict hornblende phenocrysts surrounded by opaques and 
embayed quartz in a microcrystalline felsic groundmass. 

Plain light. 

Dacite from the Cayman Ridge (42) containing large embayed 
quartz phenocrysts and smaller rounded sanidine in a 
perlitic groundmass. Minor subhedral hornblende and abundant 
opaques. Cross-Nicols. 

Quenched basalt from the mid-Cayman spreading center (78) 
containing feathery pyroxene and olivine, skeletal plagio- 
clase. Plain light. 


f) Gabbro from the mid-Cayman spreading center (75) containing 
fractured plagioclase with bent twin lamellae, diallage 
pyroxene with hornblende alteration rim. Cross-Nicols. 
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Figure 10. Large arrows indicate relative motion between North 

American and South American Plates. Solid lines repre- 
sent present land boundaries; broken lines are approximate 
regions of emergent land and shallow banks in the past. 

a) Late Cretaceous, prior to the collision of Yucatan 
and Honduras-Nicaragua. NP-CR is the combined mass of 
the Nicaraguan Plateau and Caymam Ridge. J, C and H 
represent the approximate locations of Jamaica, Cuba 

and Hispaniola prior to left lateral movement along the 
Cayman Trench. 

b) Pre-Oligocene, after subduction to the south ceases; 
left lateral motion begins along the Cayman Trench fault, 
accompanied by the formation of numerous tensional grabens . 
The Cajnnan Ridge CCR and Oriente Province (c) are SDlit 
from the emergent arc to the south. Spreading is initiated 
in proto-Cayman Trench. Volcanism wanes along the Greater 

3rc ; and begins along the western coast of 
Central America (open triangles) due to subduction along 
the Middle Americas Trench. 

c) Late Tertiary, continued relative left-lateral motion 
between North .America and Caribbean plates; localization 
of left-lateral shearing and normal faulting along the 
walls of the Cayman Trench. Mafic floor of the trench is 
formed as spreading continues from the mid-Cayman spread- 
ing center. Extensive subsidence causes disappearance of 
Layman Ridge and Nicaraguan Rise land masses; progressive 
restriction of carbonate banks. Oriente Province is 
sutured on to Cuba. Volcanism ceases in the Greater 

Antilles but increases in Western Central America 
Middle .-^miericas Trench extends Southeastward. 
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PrinUd in Great Britain 

Some petrological aspects of Imbrium stratigraphy! 


By W. I. Ridley 

Lamont-Doherty Geological Observatory and the Department of Geological Sciences, 
Columbia University, Palisades, New York 10964, U.S.A. 


Petrochemical ,,udie» of clasu in bretxiaa fmm Fm 

provide insights into different structura ^ showing both igneous and 

Fra Mauro breccias and included erSst. Similar 

represent garnet pyroxenite xenoht > P. . soinel pvroxenite. Another clast 

volcanism, that underwent a phase 

type is plutontc norite, ■" "'JkJ' are fonn/in Stillwater-type layered 

rjrSr, tn'rsn^™ted that the 

iTefr ss 

indicates crystalhzation of these rocks below^llOU C temperatur^^^^^ 

the liquidus. Hence these textures probably developed largely oy 
recrystallization during impact-mctamorphism. 


Introduction 

Xh apnth of excavation of major lunar basins remains a contentious question. Extensive 
eacavatio„o« 

levels, althongh cratering stndies indicate that Apennlne Front samples wonld be from 
sim^;;rman„er, are hamper, hy the 

•;:r:dT=" = - - — y - 
y;rpr.:SrrM:r^^^^ 

of clrse-grained rocks. The bamltic clasU are all ‘kreepMlke in compos, non, as are most o 
the Fra Mauro samples, irrespective of texture. One might argue then that the Imbrtnm cr 

t L.mon..Doher„ Geological Observatory ot Coloorbl. Uaivenhy Contribution No. 2383. 


106 


W. I. RIDLEY 


had a veneer of krcep basalt that was exravarpH tr. ir 
..evance of .He vaeio. eoo.p„„e„. ofl “r: 


t'Ui'ULATION 

Average g.a» eom^^:\:“ a.":g^raZdT„c ‘'T" 
are e.e .o .hL 


SiO, 

TiO, 

A1.0, 

Cr,0, 

FcO 

MgO 

CaO 

NagO 

K,0 

Total 


1 

45.24 

0.34 

7.53 

0.45 

19.51 

17.55 

8.23 

0.13 

0.01 

08.98 


Table 1. Average glass compositions in 15459 mattix 


45.43 

0.42 

7.72 

0.43 

19.61 

17.49 

8.34 

0.12 

~ 0.01 

99.57 


40.52 

1.37 
17.08 
0.19 

9.37 
9.07 

10.65 

0.63 

0.60 

98.38 


46.40 

0.85 

19.47 

0.17 

8.34 

12.49 

11.39 

0.53 

0.18 

99.82 


44.11 

0.05 

30.90 

0.03 

3.63 

3.51 

17.23 

0.13 

0.01 

99.49 


1, Green 
4, Low-K 
(Reid et al. 


6 

36.38 

13.64 

7.26 

0.64 

21.42 

12.10 

7.66 

0.52 

0.14 

08.76 


37.64 

12.04 

8.46 

0.48 

19.93 

10.49 

8.81 

0.54 

0.13 


42.93 

3.11 

8.89 

0.46 

21.72 

12.37 

8.68 

0.39 

0.08 


. o A , 98.90 

•-> green glass composition in three AdoIIo 15 goile /D.. a , . 

kieep. fi. ‘Ajiorthosiiic* component. 6. Hinh-Ti nwre batnii 7 . . /* 'a?*)* a. Medium-K krcep. 

.97a). S. M.,e glntm. 0 , •«.„ f guj. il (r"^, »'■ 

A . . 


9 

43.05 

2.79 

8.06 

0.46 

21.10 

12.30 

9.02 

0.27 

0.06 

98.90 


Average abundances; 
Green glass 
Low-K kreep 
Medium K kreep 
‘Anorthosite’ 

Marc 


15459 
43% 

13% 

20 % 

2 ®/ 

22% (High-Ti2%) 22% 


A-16 soil 
34% 
15% 
22 % 


types of aluminous basaltic glass were observed, one type termed medium K v /r • 

.he .erminolc^ „f ReM « ^ TO t„d tohfr 

sites (Ridlev et “/XT composiuonal group found at most lunar landing 
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tionable. Particularly disturbing is the observation that the polymict matrix of 15459 has a 
bulk composition of low-K kreep, indicating that in at least one case, the composition arises by 

a mixture of several chemically distinct components. ^ /» i 

The matrix also contains a high proportion of marc-like glasses, based upon their e,iv g 
ratio and TiO, content. Two types of marc glass have been distinguished, a high-Ti type 
(table 1), closely analogous to the ‘Mare 4’ glasses analysed from Apollo 16 soils (Reid et al. 

1 072), and a low-Ti type analogous to the ‘Mare 3’ glasses from Apollo 15 soil (Reid et al. 

1 972). This latter glass group is equivalent to the most magnesian olivine-normative mare 
basalt from Palus Putredinus (Rhodes & Hubbard 1973)- No glasses were found equivalent to 
the Apollo 15 quartz-normative marc basalts. The high-Ti glasses (a minor component) have 
no basalt equivalent at the Apollo 16 site but have been observed at almost all Apollo landing 
sites (Reid et al. 1972). Chemically they arc similar to, but somewhat more magnesian than, 

the olivine-normative Apollo 17 basalts. , , , u> 

An important point is the absence of glasses chemically equivalent to the highland basalt 
or anorthositic gabbro component obser\ed in abundance in most lunar soils, including t ose 
from the Apollo 15 site. Indeed the ‘terra’ component in 15459 glasses is of very minor impor- 
tance, represented by only a few glasses of gabbroic anorthosite composition. This ana- 
chronism is the only major difference between glass abundances in the matrix of 16459 and 

Apennine Front soils. . . 

Several observations can be made regarding the matrix data. The bulk composition of the 
matrix is similar to that of several Apennine Front soils. Together with the overall similarit.i i 
in glass abundances in the matrix and soils, we might surmise that the breccia could hav 
evolved by induration of a pre-existing local soil. From the individual, average glass compo«- 
tions it is evident that green glass forms a dominant component in both Apennine Iront soils 
and glass-laden breccias. The composition of green glass remains highly invariant, but its 
source still remains enigmatic. If the low-K kreep composition is representative of a basalt 
magma-type then it should play an important role in lunar petrogenesis. For instance, in appr^ 
priate equilibrium systems it clusters around peritectic points and hence schemes can e 
evolved relating to kreep magma and a spectrum of cumulate rixks, e.g. troctohtes, norites, 
anorthosites. At present however, its rank as a magma type remains speculative. 


Petrochemistry of selected clasts 
(a) Spinel-pyroxenite 

Ridley et al. (1973) have described a number of pink-spinel bearing clasts in a highly in- 
durated breccia 15446. These clasts have cataclastic texture but relict unfragmented areas 
conffrm the clasts originally were coarsely crystalline. The mineralogy is essentially olivine + 
orthopyroxene + spinel + plagioclase. Compositions of mineral phases arc given in table 2. 
Trace element data for one of these clasts showed a rare earth element (r.e.e.) pattern with 
strong relative enrichment of heavy over light r.e.e. (Ridley et al. 1973). This pattern rern^ains 
unique amongst lunar rocks, and leads to the suggestion that the clasts must originally have 
contained a high proportion of garnet. This can be achieved by the following reaction: 
Mg3Al,Si30i* + Mg,Si0, ^ MgAl,0, + 4MgSi03 which proceeds to the right with decreasing 
pressure. Hence we suggest the clast assemblage may originally have been pyrope-rich garnet + 
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forstoritic olivine orthopyroxcnc. Recalculation of the mineral 
following reaction has occurred: 

(^U.87 ^*‘0.17) (^’ 

ipartMt olivine 

(^^So. 7 t^*O.Il) ^’’0.17) O'* + “(^^81 . 83 

«pin(^ 


compositions suggests the 
o.M ^4.01) ^^4 ^ 

I ^*\l.l7) (S’l.9S ^^lo.«7) 
ortiiopyroxeuu 


Table 2. Composition and formulae for minerals in spinel pyroxenite clas-ts 

IN 15445 



orthopyroxcnc 

olivine 

ipiiicl 

SiO, 

56.61 


40.85 

— 

TiO, 

0.15 


— 

— 

AI.O, 

2.44 


0.22 

56.97 

Cr,0, 

— 


— 

13.40 

FcO 

6.70 


8.55 

9.62 

MrO 

35.67 


60.20 

20.10 

C.aO 

< 0.01 


< 0.01 

— 

Si 

1.9276 


0.9932 

— 

Ti 

0.0036 


— 

— 

Cr 

— 


— 

0.2737 

Al 

0.0980 


0.(H)58 

1.7806 

Fc 

0.1621 


0.1731 

0.2053 

Mg 

1.8284 


1.8310 

0.7806 

Ca 

— 


— 

— 

0 

6.00 


4.00 

4.00 

Enstatite 92 


Forstcrilc 91 

Spinel 

F'errosililc 8 


Fayalitc 9 

Hcrcynite 

Cliromitc 


It is interesting to note that this is almost identical to the isochemical change from garnet to 
spinel peridotitc described by Reid & Dawson (1972) from terrestrial samples. Note also the 
garnet can be recalculated as 13 % almandine + 13 % knorringite + 74 % pyrope. The high Cr 
contents are also characteristic of terrestrial garnets enclosed within diamond (Meyer et al. 
1972). The presence of plagioclase in the clasts could result from intercumulus growth of plagio- 
clase if the original rock was a cumulate, although this would be incompatible with the original 
presence of garnet. Alternatively the plagioclase may reflect partial equilibration of the rock 
in a low pressure environment, in which original diopside was used up according to the 
reaction; diopside + spinel + orthopyroxcnc plagioclase + olivine. This might account for 

the absence of diopside in the clasts. The limited data available for the bulk composition of 
one clast ( 7 , 2 % AL^Og, 31.1 % MgO; 1.9% CaO) and mineral analyses, indicate an approxi- 
mate mode of 59% orthopyroxene + 24 % olivinc + 7% spinel + 10% plagioclase. The mode 
indicates an original rock approximately equivalent to garnet pyroxenite and represents 
first evidence (although indirect) for a high pressure mineral assemblage among lunar samples. 
Experimental studies by Kushiro (1972) indicate that even under favourable conditions, 
i.c. a strongly aluminous environment, garnet is stabilized relative to spinel at depths greater 
than 320 km, consistent with pressure estimates from subsolidus experiments with terrestrial 
peridotites (Green & Ringwood 1967). Hence these clasts cannot have originated within the 
lunar crust unless the latter was subjected to high tectonic overpressures. \Vc suggest that these 
clasts arc fragments of samples from within the lunar mantle that were emplaced within the 
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lunar crust, possibly as xenolitlis in ascending magma. Within the crust they underwent one 
and probably two phase changes that stabilized spinel and then plagioclase. They were sub- 
sequently excavated during the formation of the Imbrium Basin and incorporated into the 
Imbrium ejecta blanket. We also note that the calculated mode, allowing for the crudeness Ot 
the technique, is that of a pyroxcnite, consistent with models requiring a pyroxenitic mantle 
for the Moon. 



Figure i. Composition of pyroxenes in clasts in breccia 15459. Solid lines arc tic lines between coexisting Ca-rich 
and Ca-f>oor pyMxcncs. Shaded areas arc range in composition of exsol ved pyroxenes in Apollo 16 breccias. 
Dashed lines arc coexisting pyroxenes from the Sl>tcrgaard Intrusion. Circles with vertical bar are inverted 
pigeonites from a plutonic norite clast. Intermediate comfxisitions represent analyses where the microprobe 
beam was unable to resolve host and lamellae. Triangle represents bulk ana!<'scs of inverted pigeonite. 
Circles with horizontal bars are exsolved orthopyroxenc oikocrysts in a poikiloblostic clast. Circles represent 
coexisting orthopyroxenc and augite chadacrysts in the s.'tmc clast. 



Figure 2. Ti-Al relations in pyroxenes plotted in figure 1. Note the close adherence to Al:Ti = 2:1 line indicating 
the presence of R*+TiAljO, component. A, exsolved inverted pigeonites in plutonic norite; □, exsolved ortho- 
pyroxene oikocrysts; •, coexisting orthopyroxene-augite chadacrysts in a poikiloblastic clast. 


(4) Norite 

Breccia 1 5459 contains clasts composed of coarse grains of calcic plagioclase and orthopyro- 
xene. Coarse exsolution lamellae of augite occur parallel to 100 of the orthopyroxene with 
earlier exsolution parallel to 001 of an original pigeonite. Table 4 (anal. 9-10) and figures 1 
and 2 indicate the chemical relations between pyroxenes in this type of clast. Similar pyroxenes 
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have been described by Brown et al. (1973) from some Apollo 1« breccias, and Papike & 
Bence (1972) from an Apollo 14 breccia. The observation of pigeonitc inverted to orthopyro- 
xene, accompanied by exsolution of augite can be closely matched by terrestrial layered com- 
plexes of the Stillwater type. Together with the coarse-texture and simple mineralogy, all these 
features are consistent with the norites having developed by slow cooling of basic magma 
within the lunar crust. The bulk composition of the exsolved pyroxene is that of pigeonite with 
a low TiO, content. This contrasts with the titaniferous pigeonites crystallized from mare 
basalu, suggesting the parent magma was not of marc basalt composition. The presence of 
abundant plagioclase, together with the low TiO^Al, 0 , ratio of the pyroxenes indicates an 
aluminous magma as a parent. 



Table .3. Spinels in 154.50 



I 

2 

3 

4 

5 

0 

7 

TiO, 

23.98 

23.89 

20.13 

10.85 

54.42 

30.24 

28.8U 

Al,0, 

U.OO 

0.22 

8.11 

10.14 

0.33 

2.40 

2.87 

0,0, 

1U.99 

17.74 

23.44 

20.73 

0.49 

7.14 

8.80 

FcO 

47.47 

47.19 

44.(K) 

40.10 

40.50 

01.18 

58.45 

MnO 

0.39 

0.39 

0.39 

0.30 

0.30 

0.38 

0.35 

MgO 

3.35 

3.40 

3.37 

3.48 

3.92 

0.35 

0.37 


8 

9 

10 

11 

12 

13 


TiO, 

50.93 

20.03 

28.33 

52.75 

70.09 

53.03 


Al,0, 

0.01 

5.30 

2.57 

0.27 

1.01 

0.28 


Cr,0, 

0.37 

24.94 

7.97 

0.11 

7.78 

0.03 


FcO 

40.04 

49.83 

59.08 

40.45 

9.18 

40.92 


MnO 

0.28 

0.38 

0.38 

0.44 

0.03 

0.47 


NtgO 

0.47 

0.92 

0.51 

4.10 

2.29 

4.27 



1 6, Traverse from centre (1) to edge (5) of zoned spinel in, 124 (tnarc gabbro clast). 

0-8, Traverse from centre (0) to edge (8) of spinel in rccr)’stallized anorth. gabbro. 111. 

9, 10, Small, individual grains in, 19. 

1 1, Magnesian ilmenile in recrystallized poikilitic breccia. 

12, Armalcolitc in norite cumulate. Also contains 0.00% .SiOj, 3.19“o CaO, 4.78, ZrO 

13, Magnesian ilmenite in recrystallized breccia, 123. 

The pigeonite is more iron-rich than pigeonite crystallized initially from high-alumina 
basalts and is also associated with rare grains of zirconium-armalcolitc (table 3). The latter is 
chemically distinct from armalcolitc precipitated from marc basalu, but none the less reflects 
a magma with high titania activity. These observ-ations suggest cr>stallization of the norite 
minerals from a terra magma already moderately fractionated, but not yet depleted in 
titanium. 

Temperatures of equilibration of orthopyroxenc host and augite lamellae can be estimated 
from the geothermometcr of Wood & Banno (1973), resulting in a value of 990 °C. This value 
is only slightly lower than olivinc-clinopyroxene equilibration temperatures estimated for 
several terrestrial layered intrusions (Powell & Powell 1974). 

Since these clasts occur in breccias that are at least 3.9 Ga old, the original norites would 
have developed whilst the lunar crust was still subjected to largcscale meteorite bombardment. 
Yet the clasts show no evidence for metamorphism or cataclasis, and hence the norites must 
have developed beneath the surface veneer of brecciated rock. The initial period of crustal evolu- 
tion must have passed into a phase involving a global-scale development of the crust by the 
formation of true igneous cumulates protected from meteorite bombardment by a gradually 
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thickening roof. The norites described here may belong to this phase of crustal development 
and were only excavated because the Imbrian event was unusually intense. As a consequence 
rocks with pristine igneous textures became intimately mixed with more surficial rocks that had 
suffered the effects of external bombardment. It is these latter types that are described in the 
following section. 

(f) Poikiloblastic gabbroic anorthosites 

Several white clasts in 15459 (e.g. 15459, 125 and 123) have well developed poikiloblastic 
textures defined by chadacrysts of plagioclase, orthopyroxenc, pigeonite, olivine and augite 

Table 4. Composition of pyroxenes in 15459 


2 3 4 6 6 7 


SiO, 

64.07 

63.06 

61.26 

61.62 

62.64 

51.81 

60.62 

I’iO, 

0.23 

0.60 

0.87 

1.21 

0.39 

0.76 

0.80 

A1,0, 

0.80 

1.76 

2.30 

1.68 

0.86 

1.69 

1.79 

Cr,0, 

0.62 

0.70 

0.67 

0.28 

0.38 

0.54 

0.67 

FcO 

16.47 

16.91 

17.92 

21.43 

10.66 

18.89 

12.78 

MnO 

0.29 

0.30 

0.34 

0.36 

0.33 

0.34 

0.33 

MgO 

24.42 

22.30 

19.22 

17.28 

20.94 

19.63 

16.20 

CaO 

3.60 

6.40 

7.64 

6.66 

4.48 

6.07 

16.88 

Na,0 

0.04 

0.03 

0.06 

0.06 

0.03 

0.03 

0.06 

Si 

1.969 

1.948 

1.916 

1.942 

1.966 

1.941 

1.033 

Ti 

0.006 

0.014 

0.025 

0.034 

0.011 

0.021 

0.026 

A1 

0.034 

0.076 

0.101 

0.071 

0.038 

0.076 

0.081 

Cr 

0.016 

0.020 

0.017 

0.009 

0.011 

0.016 

0.017 

Fc 

0.602 

0.489 

0.560 

0.675 

0.616 

0.542 

0.408 

Mn 

0.009 

0.009 

0.011 

0.011 

0.011 

0.011 

0.010 

Mg 

1.326 

1.221 

1.070 

0.971 

1.167 

1.091 

0.366 

Ca 

0.137 

1.213 

0.302 

0.269 

0.180 

0.244 

0.650 

Na 

0.003 

0.002 

0.004 

0.004 

0.002 

0.002 

0.003 

Al-Cr/Ti 

3.06 

4.03 

3.43 

1.80 

2.37 

2.73 

2.48 

SiO, 

8 

9 

10 

11 

12 

13 

14 

60.39 

63.86 

61.43 

62.00 

63.23 

63.88 

60.86 

TiO, 

1.90 

0.83 

1.23 

0.50 

0.44 

0.97 

2.16 

A1,0, 

CrgO, 

2.60 

0.36 

1.22 

0.37 

1.74 

0.43 

1.00 

0.46 

0.76 

0.29 

1.64 

0.29 

2.01 

0.39 

FeO 

13.25 

16.71 

6.69 

8.69 

21.34 

16.28 

7.84 

MnO 

0.32 

0.25 

0.13 

0.22 

0.37 

0.28 

0.15 

MgO 

13.74 

26.90 

17.68 

16.27 

22.72 

26.12 

17.62 

CaO 

16.81 

1.16 

18.69 

19.87 

1.46 

1.89 

16.66 

Na*0 

0.09 

0.06 

0.22 

0.13 

0.03 

0 02 

0.18 

Si 

1.908 

1.943 

1.921 

1.967 

1.966 

1.044 

1.890 

Ti 

0.064 

0.023 

0.036 

0.014 

0.012 

0.026 

0.060 

A1 

0.112 

0.052 

0.077 

0.046 

0.033 

0.066 

0.127 

Cr 

0.010 

0.011 

0.013 

0.013 

0.009 

0.008 

0.011 

Fc 

0.420 

0.474 

0.209 

0.272 

0.669 

0.461 

0.244 

Mn 

0.010 

0.008 

0.004 

0.007 

0.012 

0.009 

0.006 

Mg 

0.776 

1.447 

0.984 

0.861 

1.261 

1.406 

0.976 

Ca 

0.682 

0.046 

0.748 

0.806 

0.068 

0.073 

0.600 

Na 

0.006 

0.004 

0.016 

0.009 

0.002 

0.001 

0.013 

Al-Cr/Ti 

1.88 

1.82 

1.84 

2.21 

2.00 

2.17 

1.02 


I- 4, Typical zoning trend from core (1) to rim (4) for pigeonite in, 124 mare gabbro. 

6-8, Typical zoning trend from core (6) to rim (8) of pigeonitc-augite in, 124 mare gabbro. 

9-10, Orthopyroxene (inverted pigeonite) host (9) to exsolved augite (10) in norite cumulate clast in, 125. 

II- 12, Host orthopyroxenc (12) to finely exsolved augite (11) as oikocrysts in poikilitic clast in, 126. 

13, 14, Homogeneous grains of orthopyroxene (13) and augite (14) in recrystallized, poikilitic clast iii, 126. 
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Temperatures of equilibration of minerals in some poikiloblastic rocks can be estimated by 
using several pyroxene geothermometers, and the olivine-climopyroxenc geothermometer 
(Powell & Powell 1974). For 15489, 125 clasU the following temperatures (with largely 
unknown errors) were calculated: cxsolved orthopyroxene oikocrysts: 1060 °C, orthopyroxencj 
augite chadacrysts: 1099 °C, olivine-augite chadacrysu: 990 "C. The presence of inverted 
pigeonite indicates cooling through the clinopyroxene-orthopyroxenc inversion temperature. 
Extrapolation of the curve of Brown (1968) for W, - 7.0-8.9 suggests a temperature below 
1100 °C, consistent with those calculated above. 



Figure 6 Zoning trend in dinopyroxcnc* from mare gabbro clast 164S9, 124. There u a gr^ual change from 
core pigeonite, low-Ca augite to rims of augite with relatively minor non-ennehmrot. This contrasts with 
“e strlfng iron enrichmellfin pyroxenes from Apollo 16 mare basalts, reflecung different rate, of cooling. 


We note that McCallum et al. (1974) estimated the crystallization temperature of 77017 to 
be 1050-1100 °C, and a temperature estimate based upon olivinc-augite equilibrium gives 
1010 °C. Temperatures calculated for other poikiloblastic rocks are as follows: 

Diabasic areas in 60315, 63: 1102 *C (opx-cpx), 1072 °C (ol-cpx) 

Poikiloblastic area in 60315, 63: 1254 C (opx-cpx) 

67955: 1093 °C 


Generally, poikiloblastic rocks appear to have crystallized below 1100 °C. Even allowing 
for the variations in composition of individual rocks (they vary from ‘kreep’ basalt to 
anorthositic gabbro), this is well below the liquidus temperatures. Hence we prefer the inter- 
pretation that most poikiloblastic rocks crystallize in a metamorphic condition, possibly allow- 
ing for the presence of 5 % intergranular fluid. 


{d) Mart gabbro 

Post-Imbrium reworking of 15459 is suggested by the presence of clasts of coarse mare gabbro, 
whose mineral chemistry is similar to the local 3.5 Ga mare basalts (tables 3, 4; figure 5). The 

gabbros are composed of zoned clinopyroxene + olivine + plagioclase + spinel + ilmenite. It is 

interesting to note that such coarse samples were not observ ed a.nong the sampled mare basalts, 
but they can be chemically and texturally interpreted as the slowly-cooled equivalents of the 
olivine-normative mare basalts. At least some of the variation observ ed among the olivine basalts 
from Palus Putredinus has been ascribed to low-pressure fractional crystallization (Rhodes & 
Hubbard 1973). The presence of gabbro clasts clearly suggesU that marc basalt magma did 
cool slowly enough to allow fractional crystallization to proceed. 
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Summary 
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